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AERODYNAMICS OF ATRCRAFT 37 /U

A. GENERAL - SPECIFICATION OF DEMANDS

Adrcraft 37, the "Viggen", is constructed as a standard aircraft,
i.e., a basic aircraft which following relatively few alterations of 1ts
design can be built as different versions for use during

o) attack,

o) survelllance,
0 pursuit, and
o} training.

Tt was essential for the construction that the alrcraft should be
able to take off from and land on short run ways (ca. 500 m long) under
field conditions. Because of this, the aeronautic envelop of this air-
craft (speed, altitude and range of load factors; Fig. 1) is more com-
prehensive than that of any other Swedish Combat aircraft. A review of
the demands on the performance characteristics 1is illustrated in the

following figure.

5 Hag fart p3 hojd

r M~2
Hf}' d . 4 God _acceleratioé ) \
id A till hog fart % A
. Ty g Iy Ry .. -

God mandver-
formaga

2
Kortfaltsegenskaper 6 Grans fér maximalt |
{ start och landning ) Hog fart p4 lagsta hojd dynamiskt tryck
,' (M>1,1) .
l | T s
banlingd

Fig. A. Key: see p. 2.




Key to Fig. A:

1. Altitude.

2. Properties in relations to a short runway (Guring start and
landing.

3. Satisfactory maneuverabllity.

. Satisfactory acceleration to high speed.

5. High speed at high altitude (M~ 2).

€. High speed at lowest altitude M > 1.1).

7. Limit of maximum dynamic pressure.

8. Runway, 500 m long.

9. Altitude = 50 meters.

10. Mach number (Speed).

The comprehensive aeronautic envelop resulted in that a characteristic
design, developed in Sweden, was selected for FPL 371, i.e., one with two
delta wings closely positioned in tandem (a canard lay-out).

B. THE AERODYNAMIC BACKGROUND FOR FPL 37 - CHARACTERTISTICS AT LOW SPEED

1. LIFT AT LOW SPEED - GENERAL

1.1 Introduction — The Idea Behind the Design of FPL 37

The objective during the developmental work on the design of FPL 37
was to create a slender configuration which should also have a highly
trimmed 1ift, especially at low speed. In addition it was desirable to
avoid - as far as possible - any heavy and expensive mechanical complica-
tions such as wings with a variable swept-back angle and advanced, mobile
arrangements for high 1ift. In short, as far as possible a simple yet
effective design for active servlice should be attempted.

These objectives were reached in respect to FPL 37 by utilizing the
effect produced by the interference between two triangular wings, suitably
positioned in tandem.

The experiences thereby utilized are to a great extert based on Swedish

research over many years and are in many cases unique.

Tn erder to explain the characteristics of the lifting force of the
37-canfiguration we must start with a brief review of the concept of 1ift.

1 Translator's note: FPL (Swedish: aircraft) 37 is used throughout the
translation in conformity with the original.
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Following a general review we will enter into detail upon the problems
existing when flying at low speed and especlally thos in respect to
slender delta wings where the separation by the leading edge can be
utilized, "something which seems to clash with the conventional phllo-
sophy of classic aerodynamics according to which a contact ailrflow is
the ultimate ideal and the ace of the craft' (H. Behrbom, one of the
originators of the 37-design during the previous set-up at SAAB  and
at that time head of the SAAB Aerodynamics Office at the beginning of

the 1960s).

1.2 Concept of Lift - Definition of CLi-

The most important factors determinint the 1lifting force of a wing
can be compiled into the formula

L = aSCp

Where q is the so—called aerodynamic pressure, proportional to the density
of the air and the square of the flying speed, S is the syrface area of
the wing and CL a non—-dimensional number, i.e., the 1ift coefficlent,
which for a given wing depends mainly on the angle of attack, a, i.e., the
angle between the reference plane of the wing and the direction of the

movement. Since the drag when flying at high speed puts a 1imit on the
size of the wing surface, the efforts toward satisfactory characteristics

at low speed must be directed at raising the CL value, which can be uti-
lized for flying.
At low speed the characteristics of the correlation between the angle

of attack and the 1ift coefficient, especlally the aspect ratio, i.e., the
correlation between the wing span and the man of the wings chords, are

determined by the planar shape of the wing.

1.3 I1ift of Two-dimensional Wings - Dependency of the Angle of Attack
on the Lift
Let us first consider a wing with an endless span (a so-called two-

dimensional wing).

/6



We assume that

o) the compressibility of the ailr is negligible;

o the flow speed of the alr is negligibly small in conparison
that of the speed of sound (the mach number, i.e., M = 0);

o] the friction of the air against the wing is neglible and
that the alr flow around the contour of the wing is smooth

and elegant.

This ideal condition is called a non-campressible potential cir-
culation. If the wing is placed at an angle of attack (i.e., obliquely
in relation to the air flow) and the direction of the air flow is illus-
trated by flow lines, the following idealized picture is obtained:

o rs
2 Hypotetisk stromning T a‘f""“_':. dir hastig- 8 Bakre
utan cirkulation heten_okar — sta
gnations-
g . - ..5 Sugkraft W\ /\ .(v.->v”) / punkt (V= 0)
—_—— Strom- . ',/_' -\ / )
linjer

—> - -

T

— 5 4
Ve 3 7
{Beteckning 1 ‘Mycket stora Sver- 9
for fnstrég-n- . 6 3 ~ Sugkraft hastigheter runt
mens hastig- -Paralielistrémning “Framre 5 . hoenet.
i ) ~ stagnationspunkt . -

het)

Fig. 1. Idealized potential air circulation without 1lift.
Key: 1. Ver (symbol of the speed of free air flow).
Hypothetic non-circulating air flow.
Flow lines.
Parallel flow.
Suction
Stagnation point at leading edge.
Areas where the speed increases.
Stagnation point at trailing edge (V = 0).
Very high excessive speed around the corner.

O O~ O\ =W

If we sum up the forces which appear when the alr circulates around the
profile, they will be exactly equal to zero iIn the case of an idealization

of this kind.

The ideal picture above presumes that the alr particles are welghtless
and, thus, able to flow smoothly around a sharp cormer without anything

happening.



However, forces related to mass and friction change this 1deal picture.
According to the well known law of Bernouilll any increase in speed nmeans
a reduction in pressure (or vice versa). Sudden, sharp changes in the con-
tour will lead to very great changes in speed and pressurg resulting in
that a regular flow cannot be maintained. A laminar air flow occurs only
if the air is allowed to follow an even and rounded contour. However, in
reality the air particles become separated fram the surface of the profile

at its trailing edge (Fig. 2).

3 /T
SRR . Hastighetstillskott ger
Skat sug pd dversidan
Ostdrda strémningens

riktning
2 Bakre stagnations-
(Hastighet V oo! punkten i bakkanten
T ("Bekvim® avgdng av
5 Frimre stagnations- . luftstrémmen)
punkten flyttas 8 Minskad hastighet
ndgot framdt pd undersidan ger
— okat tryck
L 9 Resultat: Iyftkratfs pd
vingen

Fig. 2. Potential air circulation producing 1ift.
Key: 1. Direction of the undisturbed air flow.
Speed = Vep)
Excess speed means increased suctlon on the upper
surface.
Circulation
The leading edge stagnation point is moved slightly
forward.
Rear stagnation point at the trailing edge.
"Smooth" separation of the air flow.
Reduced speed below the lower surface produces Iincreased

pressure.
. Result: the wing is lifted.

O O~JO0N VI W

The points on the surface of the profile where the flow lines separate
or meet, respectively, are called stagnation points. In Fig. 2 the rear
stagnation point is moved to the trailing edge. In order to fulfill this
condition, the excess speed on the top of the wing must be increased and a
correspOnding reduction in speed must occur below the lower surface of the

wing profile.



One way to achieve these local changes in speed in the case of a
schematic flow model like the one in Fig. 2 is to superimpose a turbu-
lent flow together with a distribution of speed like that illustrated
in Fig. 3a (and marked by circling symbols in Figures 2 and 3b).

If we imagine the turbulence in a position like that in Fig. 2, we ob-
tain a model which satisfactorily represents the "separation" of the flow
caused by a wing with an acute trailing edge, placed within the flow.

The turbulence adds just a small amount of speed to the flow above the
upper surface and an equally small reduction in the speed occurs below
the lower surface. A distribution of the speed around the wing profile
is obtained which fairly well resembles that which occurs in reality.

In comparison with Fig. 1, we have now a further increased excess speed
over the upper face which causes a reductlion in pressure while, simul-
taneously, the suction on the lower slde disappears. We have instead ob-

tained a resultant 1ift of the wing

| 3a) Hastighetstr- 1 3b) Schematiskt vatkraft

v:,'v".'{'“ hos en botecknmguan {Normalkraft) 3¢} Hur lyftkratten 7

_— £&r en virvel elier CL (Cn} varierar med ving-
annan typ av cir- profilens instéllning
Virvolns centrum 2 kulation. mot luftstrdmmen
Y Lutnmgen = ac._ 2Cy

Q
6 Anfallsvmkol
L 5

Fig. 3. Turbulent air circulation. Dependency of the 1ift on the angle of

attack.
Key: 1. Distribution of speed within a vortex.

2. Center of the vortex.

Angle of attack, a.
How 1ift varies in relation to the slant of the wing

profile in relation to the air flow.

. .

3. Schematic symbol of a vortex or any other type of air cir-
culation.

L4, 1ift (normal force), C (or CN)

5. Gradient = ...

6

7

It is mathematically feasible to balance the magnitude of the turbulence /8

so that the trailing edge stagnation point will become fixed at the trailing
edge while simultaneously posing the condition at a check point on the wing



profile where the flow shall be tangential along the contour of the wing.
In such a manner a simply constructed model can be obtained which actually
agrees satisfactorily with the real conditions and which can be used for
illustrating several of the phenomenons occuring when the air flows around
aircrafts. The 1ift resulting in Fig. 2 is at narrow angles of attack
mainly linearly dependent on the angle of attack (Fig. 3¢). (The more
obliquely the wing is positioned the wing is positioned, the more excess
speed 1s required on the upper side in order to deflect the air flow
correctly so that it will leave the trailing edge smoothly.)

1.4 Lift of Three—dimensional Wings — Effect of the Aspect Ratio

So far we have studied a single wing section only, which can be imagined
as a cross section through a wing with an endless span (a two-dimensional
wing). We shall see that the reasoning, according to which the excess speed
above the upper face of the wing (and, thus, the 1ift) is created by vor-
tices, can also be applied to a real wing with a limited span (i.e., to a
three-dimensional wing).

First, a definition of aspect ratio and trapezoidal ratio. The shape
of the wing is of great importance for its efficlency when creating 1ift.
In order to quickly and simply characterize the shape of the wing, we use
the terms:

2 2
A= (wing span) or ,» and

wing surface S
the chord of the wing tip
the chord at the wing root

o aspect ratio,

0 trapezoldal ratio =

The concepts of wing span and wing chord are illustrated in Fig. 4.

In the case of a rectangular wing or a wing with a constant chord, 1t 1is

_ (wing span)
valid that the aspect ratilo T “hord and that the trapezoidal
ratio = 1.

A two-dimensional wing can be considered a wing with an endless aspect

ratio.



In the case of a wing at an angle of attack and a finite aspect ratio
it is possible to similarly imagine a model of the circulation where both
turbulent and laminar flow are superimposed on each other. This three—
dimensional model will then lock as follows (Fig. U):

1 Ostdrda luftstrommens
riktning

{Hastighet V oo) 2

iserad modell av stromning med lyft- 10
raft hos en vinge med éndligt sidoforhliande

3

Anfallsvinkel ' [
a

|
N
)

1} Vingkorda (c) T~ / Startvirvel 9
— e
7

5 Minskad cirkulation T Avgdende virviar Te—a -~
{ = minskad lokal lyftkraft) (histskovirviar) ==
nira vingspetsarna genom att . virvelmatts bakom
en del av virvein gir av bakit fiygplanvingen

Fig. 4. Rectangular wing with a finite aspect matio and an angle of attack
at low speed.
Key: 1. Direction of the unperturbed air flow.

2. Speed, Vw.

3. Angle of attack, «.

i, Wing chord (c)

5. Reduced circulation (= locally reduced 1lift) close to the
wing tips because a part of the vortex is separated rear-
ward.

6. Maximum 1ift at the center of the wing.

7.  Separating vortices ('"horse-shoe vortices"), train of vor-
tices behind the wing of the aircraft.

8. Wing span (b).

9. TInitial vortex.

10. Schematic model of circulation producing 1ift of a wing
with a finite aspect ratio.

The circulation around the wing tlp causes a reduction in 1lift close to
the tip. In our model this is caused by the filament of the vortex being
deflected and separated from the wing close to its tip. This type of cir-
culation is called a "horse-shoe vortext in Sweden. More of such vortices
than the single one shown in the figure would produce an even better model
of the flow.



By gradually reducing the strength of the vortices along the wing span
an increased leveling of the pressure is actually achieved. A distribution
of the 1liftin the direction of the wing span, locking like in Fig. 5, will

be produced.

LyftkraftfSrdeining i spannviddsied

: hos en konventionell vinge med oandlig
spinnvidd {oandligt sidoférhillande)
| = 2. dimensionell stromning

— . - T

1

l Lyftkraftfdrdeining hos en vinge med
#ndlig spannvidd (andligt sidoforhdilande)
=3-dimensionell strémning

LN
./

R\ Lyftkraften minskar mot vingspetsen till
. foljd av spetsomstromning.

o Spinnvidd bu

Fig. 5. Key: 1. Distribution of 1ift in the direction of
the wing span of a conventional wing with
an endless span (an endless Aspect ratio)
= a two-dimensional air flow.

2. Distribution of 1lift in the case of a wing
with a finite span (a finite aspect ratio)
= a three-dimensional air flow.

3. The 1lift decreases in the direction of the
wing tip due to circulation around the tip.

Ii. Wing span, b.

The smaller the aspect ratio, the greater the amount of 1ift lost due

to the circulation around the tip. Figure 6 11lustrates how the efficiency
varies in relation to the espect ratio from the point of view of 1lift.

A reduction of the aspect ratio (i.e., a greater loss due to the
circulation around the wing tip) will also increase the drag. which
induced 1ift ( that is, the quotient of lift/drag changes for the worse ).
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Fig. 6. Key: 1. CL = 1. The steepness of the gradient illustrating 1ift

o in relation to the angle of attack.

2. Theoretical gradient at very small aspcet ratios: ...

3. '%‘heoret;ical gradient at infinitely large aspect ratios
A= ).

4, Surface = S

5. Wing span, b. 5

6. Aspect ratio A = D"/ S

1.5 Dependency of the Lift on the Angle of Attack at Narrow Angles of
Attack - Stalling of Conventional Wings

The 1ift of conventional aircraft configurations is approximately
linearily dependent on the angle of attack at narrow to moderately wide
angles. Saturation will gradually develop at wider angles of attack. At
a glven angle of attack, the 1ift will reach its maximm value (i.e.,

Cl, max) > See Flg. T.

It is evident from Fig. 7 that a slender delta wing requires a con-
siderably wider angle of attack in relation to a certain CL than a conven-
tidnal wing and that it reaches the saturation point only at very wide
angles of attack. However, for alrcrafts with a large aspect ratio, there
is a more rapid increase in 1ift when the angle of attack widens and, thus,
the saturation occurs rather quickly. It appears also that the types of

10
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Fig. 7. Shapes of graphs illustrating the 1ift of wings with large and
small aspect ratios at low speed.
Key: 1. Lift coefficlent, Cy,

Wing with a large aspect ratio.

Wing with a small aspect ratio.

Angle of attack, a.

Definition: Slender wing = thin wing with large exten-

sion in the direction of the chord.

Ul £~ N

flow at moderate to wide angles of attack differ considerably between the two
wing types. In order to explain the differences it is worth while to con-
sider at first what happens in the case of a straight, conventional wing.

At narrow angles of attack the air flow keeps in contact with the wings
of most aircraft configurations presently used, i.e., in principle looking
like those in Fig. 2 and 4. The graph illustrating 1ift is linear and the
effect of the viscosity of the air is in that case limited to a thin boundary
layer close to the surface of the wing. When increasing the angle of attack
the following happens: when the angle of attack has reached a certain 1limit,
some form of collapse of the air flow takes place. Thls can involve local
separation of the boundary layer which at a further increased angle of
attack quickly spreads across the upper surface of the wing. What happens
1s usually called "stalling of the wing". The course of stalling varies
in relation to the different types of the wings. Factors affecting the
course of stalling are, among others, the magnitude of the tractive force on
the upper surface of the wing and the appearance of a corresponding distri-

11



bution of pressure. In order to describe what happens in the case of a
conventional wing, we shall study the process in respect to a two-dimen-
sional wing. The distribution of pressure on the upper surface of such
a wing 1s illustrated in Fig. 8.

1 onrda wtmrem.

mens hastighet = V oo

<.

Accelererande
stromning

Retarderande
stromning
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Fig. 8. Distribution of pressure in the direction of the chord of a conven-
tional wing.

Key: 1.
2.

~O Ul E=W

Speed of an unperturbed air flow, Vee.

Accelerating air flow.

Pressure distribution on the upper side.

Retarding air flow.

The pressure gradient at the trailing edge of the wing is
important for the stability of the flow.

Mngle of attack, a.

The pressure changes are largest on the upper side of the
wing.

The pressure gradient = the gradient of the pressure dis-
tribution graph.

The pressure gradient increases close to the trailing edge
when the angle of incidence Increases. The maximum pressure
gradient attainable before the flow collapses 1s called the
critical pressure gradient and the corresponding angle of
attack is the critical angle of attack.

When the angle of attack increases, the megnitude of excess speed above
the upper side of the wing increases and, consequently, so does the suction.
However, as long as the wing functions, there is a parallel flow, separating
fram the trailing edge. Thus, the pressure on the upper and the lower sildes

are balanced and,

thus, the air stream has been braked. The more it is held

back, the more "exhausted" the boundary lager becomes.

" If the distribution of the suction is i1lustrated like in Fig. 8, it is
easy to vizualize how the pressure varies along the chord. The “grade® behird

the peak of suctlon becomes steeper, the more the angle of attack is increased.
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The gradient of the pressure distribution graph is called a pressure gradient.
When the speed of the air flow is reduced, the pressure increases (i.e., the
suction is reduced). The pressure gradient becomes positive. It is evident
that its magnitude and the position of its peak on the upper surfaee of the
wing, where the pressure gradient 1s largest, is of major importance for
how large an angle of attack the wing will be able to tolerate and also

for how the stalling will proceed when the angle of attack is increased
even further. A too steep pressure gradient means that the regular flow
cannot be maintained but will be transformed into a disorderly air flow.
which will collapse, whereby the suction above the wing decreases. This
happens when the pressure gradient passes a critical lewvel. The corres—
ponding angle of attack is called the critical angle of attack of the pro-

file.

The course of stalling of a two-dimensional wing can take different forms
depending on the relative diameter and the type of the profile. (Relative
diameter of the profile = the ratio between the diameter of the profile and
that of the chord.) Briefly stated, it is possible to distinguish the

following main types of the course of stalling:

The first one (called "trailing edge stall") applies to wings with a
large relative diameter (ca. 12%), corresponding to that of a conventional
subsonic aircraft wing with a large aspect ratlo. There the separation starts
close to the trailing edge and travels forward in relation to an increasing
angle of attack (trailing edge stall). The characteristics of this flow
and the graph illustrating it in such a case are evident from Fig. 9.

3 Bakkant-
CL stall
1 Relativ tjocklek > 12% i
V oo : = i .
2 Avidsningspunkten ror sig
:D/\m,hamhmw 6kande
J ~ !
~ M staliférlopp
-~ ——

Fig. 9. Trailing edge separation of a conventional, thick wing.
Key: see p. 14.
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Key to Fig. 9:

b

Relative diameter > 12%.

2. Point of separation moving slowly forward in relatlion
to an increasing a.

. Trailing edge stall.

. Gentle course of stalling.

=0

There is no lenger any well defined stagnation point at the trailing /12

edge. The flow type deviates from that in Fig. 2 and approaches that in
Fig. 1 with a decrease in 1ift as a consequence. The gradient of the
graph, illustrating lift, decreases slowly in relation to an increasing
angle of attack without any sudden, large reduction in the 1lifting force.

Straight wings with a large aspect ratio and a small relative diameter
(£ 9%) experience a different, more abrupt course of stalling. In that case
the detachment does not start close to the tralling edge but occurs near
the leading edge of the wing profile. The large camber of the profile at
this point cuases locally major excess speeds, resulting in significant
changes in the pressure gradient. Initially a local separation 1s followed
by reattachment of the flow; a so-called detachment bubble is formed. In
the case of a slender wing, the length of the detachment bubble increases
when the angle of attack is increased. Final separation occurs when the
bubble reaches the trailing edge.

U. Abrupt stall-
2 forlopp vid fram-
1 c kantstall
Lokl L * Avisnings —
aviosningsbubbla 5
v K b bubblan bor-
bildas fore strom- jor utb’&dus / ,/

/Wh sammanbrott
p TSR | Y
_/\_/ 3"“ aviost strom-

ning langs hela
-, Gversidan som f6ljd

Fig. 10. Detachment bubble of a conventional slender wing at wide angles
of attack. Relative dlameter, < 9%.
Key: 1. Local detachment bubble formed before total collapse of
the flow.
2. The detachment bubble starts to form.
3. The bubble is "released" with separated flow along the
entire upper surface as a result.
L. Abrupt course of stalling due to leading edge stall.
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In the case of a wing with a moderate diameter (10-12%), the course of
stalling is more complicated. The detachment bubble no longer increases
linearily in relation to the angle of attack. Instead there is a more or
less abrupt course of separation, where the detachment of the flow starts
close to the leading edge (leading edge stall). A combination of leading
and trailing edges stalling is also feasible in the case of wings belonging
to this order of dimensions. We will not continue to go into detail con-
cerning those types of separation but will instead touch wpon that of
three—-dimensicnal wings, which is of a greater importance in respect to
FPL 37.

So far we have discussed separation in relation to wings with a large
aspect ratio. In the case of wings with a moderate aspect ratio, the dis-
tribution of 1ift in the direction of the wing span affects the characte-
ristics of the stall. By reducing the trapezoidal ratio of the wing (i.e.,
limiting the chord at the tip) the local load on the chord is increased
and, thus, also the pressure gradient behind the pressure minimm. Due to
this, the wing tip tends to stall before the base does so in splte of the
fact that the inside portion of the wing in general carries the largest
load. Conventional aircrafts with trapezoidal wings are, consequently,
often designed sich a torsion (twist) of the wing so that the angle og
attack will be reduced by 1 to 3° toward the tip. Increased cambering of
the wing toward the tip can have a similar effect. By means of a sultable
choice of trapezoidal ratio, torsion and the dlameter of the cambering of
the profile, it is possible to adjust the wing so that satisfactory stalling

characteristics are achieved.

We shall summarize the characteristics of the course of stalling:

Straight wings with a large aspect ratio: the course of stalling is
is two-dimensional over the major portion of the wing. Diffe=
rent types of stalling depend on she shape and the relative
diareter of the wing profile.

Straight wings with a moderate aspect ratio: What occurs at the wing
acquires greater irportance. The characteristics of the §Stall
depend on the trapezoldal ratio; a varied geometry geometry

/13
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of the wing in the direction of its span is required for
satisfactory characteristics of the stall.

What happens if, in addition, we sweep the wing rearward (increase the
sweep-back angle) -? Then the boundary layer tends to flow outward and be-
come thicker at wide angles of attack and, thus, to become more Uexhausted"
toward the wing tip. This means that the entire course of action becames
even more three-dimensional and that the stalling will preferably start at
the wing tip.

The consequence is that the maximum 1ift diminishes if the wing is
swept farther rearward. Since the wing tips are the first to "give wp"
in the case of sweep-back, only a slight asymmetry of the wing or of the
alr blowing against it are required in order that the stall shall also
glve rise to a major, rolling disturbance. Just that part of the 1ift
of a wing, stalling at the tip, which is farthest away from the point of
gravity will disappear and when stalling the aircraft suddenly becomes
wnstable in the pitching (longitudinal) direction (pitch-up, see below).

It is valid for all wing types (straight as well as moderately swept
back, 1.e., with a leading edge of the swept-back angle less than 55°)
that following the collapse of the air flow, there is a more or less
irregular type of circulation across the upper surface of the wing associ-
ated with a loss of 1lift, increased drag and buffeting as a consequence.

This is one of the reasons why a contact flow is always utlilized for normal

flying with conventional wings.

1.6 Wings With a Small Aspect Ratio at Wide Angles of Attack

We have seen that the picture of the air flow becomes increasingly three-

dimensional the smaller the aspect ratio is. This is valid before as well
as after reacing the point of a leading edge stall.

After having considered the conventional wing and seen how the aspect
ratio and the sweep-back angle operate, we will now contemplate the extreme
case of slender wings with a small aspect ratio.

16



It is just this type of a wing which is of current interest to us
since it occurs in Sweden both on FPL 35 as well as on FPL 37.

This wing type differs from the conventional one by behaving quite
differently when the angle of attack is increased. After seeing what
happens to a swept-back wing, it could be expected that the problems con-
cerning separation should become worse when the sweep-back angle is in-
creased and when the local load on the chord close to the wing tip attains
high magnitudes already at very narrow angles of attack.

Tt is also true that a contact flow 1n the conventional sense can be
maintained only as far as up to narrow angles of attack (ca. U4° - 5°).
If the angle of attack is increased beyond that value, something occurs
which at first glance is not expected: the graph illustrating 1lift
increases instead of showing tendencies toward saturation (Fig. 1le).
Simultaneously the picture of the air flow is altered: a turbulent flow
develops which is superficially similar to that close to the tip of a
conventional wing. The stable condition of turbulent flow which develops
in place of a collapsing flow 1s called a leading edge-separated flow.
This type of alr flow persists up to very wide angles of attack and
results in that it becomes feasible to utilize a very high maximm 1ift
without any exceptional increase in drag. This is exactly what has been
applied for our alrcrafts of models 35 and 37. FPL 35 utilizes the 1ift
characteristics only to a limited extent, while FPL 37 is constructed for
maximm utilization of the advantages of leading edge—-separated flow.

In next section we shall try to explain what the picture of flow locks
1ike in the case of a delta (or triangular) wing which is the wing type
most commonly utilizing the leading edge separation.

1.7 Principle of Ieading Edge Separation: Air Flow Around a Delta Wing

In order to explain in detail what happens we shall use the analogy
which we applied previously when imagining the excess speed (providing
1ift) above the wing caused by trains of vortices in the plane of the
wing. These will, as we have seen, be detached from the trailing edge of

17
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the wing. (The wider the angle of attack, the greater the circulation with-
in the vortex, i.e., the more powerful the lifting force created; cf. Fig. 4.)
The detachment of the vortices rearward corresponds to a reduction in 1ift
which is greater the closer to the wing tlp we come. We shall first study
what occurs at narrow angles of attack (Fig. 11). The "horseshoe" vortex
model is similar to that in Fig. 4. In Fig. 1lla we can see a model of this
type of vortex, drawn schematically. In Fig. 11b the actual distribution

of the 1ift cmeated is shown. It corresponds to the distribution of the
circulation (i.e., the vortices) in Fig. 1la. Finally, Fig. llc illustrates
the range of the 1ift where the flow type corresponding to a normal contact
flow over a conventional wing is valld. .

a) Hastskovirvelmodell b} lastfordelning i

{ jmfr fig4 ) 1 - C ‘ spannviddsl 3. cL
By
T Aktuellt
omride
|
Virveiskiktets upprulining bakem bakkanten.
] - -

o, i
w \ a
I
Fig. 11. Circulation around a delta wing at narrow angles of attack.
Key: Model of "horseshoe" vortices (cf. Fig. 4).

TInvolution of the vortex layer behind the trailling edge.
Distribution of the load in the direction of the wing span.
Graph illustrating 1ift.
Area of concemn.

Ul =+
L] L] - L] .

The critical pressure gradient close to the leading edge of the tip is
quickly reached in response to an increased angle of attack. However, instead
of the usual collapse of the flow, which is normally expected, a new type of
stable flow develops there. It 1s illustrated in Fig. 12.

It is characteristic of this new type of circulation (Fig. 13) that the
train of vortices (and thus also the air flow) separates along the Jeading
edge as well. How can this be?
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Fig. 12. Circulation around a delta wing at moderate angles of attack.
Model of horseshoe vortices.

. Involution of the vortex layer.

. Distribution of load in the direction of the wing span.
.. Graph illustrating 1ift.

5 Range of 1ift.

Key: 1.

a) histskovirvel-
modell

Vimlékikteu upprulining f >

Fig. 13. Circulation around a delta wing at wlde angles of attack.

Model of horseshoe vortices.

. Involution of the vortex layer.

Distribution of load in the direction of the wing span.
. Graph 1llustrating 1ift.
5 Range of 1ift.

Key: 1.

b) lastfordelning i
f spannviddsled 3

Virveiskiktets upprullning
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‘ If we observe what the flow around the wing actually looks like in this
case, it becomes evident that a strong outward flow of the boundary layer

| takes place across the upper surface. (This flow pattern 1s also illustrated
in Pg. 17 below.) It tums out that the air flow when encountering the
wing becomes strongly deflected outward so that the air is separated
obliquely rearward - outward from the leading edge (i.e., not only from the

trailing edge). There 1s now two systems of vortices being detached

instead of one (see also Fig. 14). The portion of fthe air flow Separated

by the leading edge increases when the angle of attack 1s further increased.

l) 1 b) -
konventionell vinge
(spetsavlosningen forsummad)

virveiskiktet rullas upp utanfér -
sdvil framkant som bakkant 5

T (et 9.V Veamivimen W72)

) virveiskiktets upprulining
bakom bakkanten

| Fig. 14. Models of the flow of vortex layers around wings with and without
, leading edge separation.

Key: 1. Conventional wing (detachment at the tip ignored).
2. Involution of the vortec layer behind the trailing edge.
3. Delta wing.
4, Ieading edge.
5. The vortex layer is involuted ourside the leading as well
as the tralling edges.
A comparisan between the models of the vortex layer fléw around a conven— - /16

tional wing and a wing with the new type of air flow is evident from Fig. 14
where the phenomenon of involution can also be seen, i.e., the one which
in the case of a conventional wing gives rise to trailing vortices.

The consequences of the new type of flow are as follows:

o The air flow separating along the leading edge (the leading edge
vortex layer) is deflected rearward and curls up above the wing
(Fig. 14). The involution occurs in a helical manner. The
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par med samma motroterande Wlmﬂ
rotationsriktning virdar 2 3 [ J

Fig. 15. Interference between a pair of vortices.
Key: 1. Pair rotating in the same direction.
2. Pair rotating in opposite directions.
3. Mirror image rotation.

explanation for this involution can be seen from the model of the
vortex train: the individual vortices affect each other due to
muitual interference which leads to a structure similar to a spiral.
The principle according to which the individual eddies affect
each other is illustrated in Fig. 15.

o The involution of the leading edge vortex layer results in force-

ful excess speed (directed outward and rearward) within an area
close to the leading edge of the wing. A powerful peak of suction,
widening toward the tip (i.e. rearward) ,develops near the leading

edge.

o The pressure distribution changes character (Figs. 12b, 13b) and

becames more ample close to the leading edge.

o The new flow type increases the lifting force across the wing

(the gradient of the graph, illustrating 1ift, is increased, cf.
Fig. 12¢).

o] The air flowing outward across the upper surface sweeps away the

boundary layer (Fig. 16a). The stagnation of the flow close to
the leading edge outside the peak of the suction produces a local
separation in a narrow band near the leading edge (secondary
separation or the actual leading edge-separation). In certain
cases there is also an orderly helical flow within this separa-
ting band; cf. Fig. 17. Notice that this separation is a rela-
tively stable but very local separation.
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Fig. 16. Air flow around a leading edge-separated delta wing.

Key: 1. Velocity field within a cross section close to the trailing
edge of a delta wing.
2. Secondary separation takes place here.
3. Pressure distribution within a section close to the trailing
edge of a delta wing (diagram).
L, At this point the critical value of the pressure gradient
1s reached.

. Position " the stagnation point.

un

Fig. 17. The flow of the boun-
dary layer in the case of a
leading edge separated delta

wing.
Key: 1. Upper surface.
1 2. Secondary separation.

Oversida 3. area with an ailr flow similar
to that of a wing with a
large aspect ratio.

L, At increasing o the helix
of the vortex layer is dis-
placed inward and upward.

-

2/sekundr;
0 A relatively large portion of the

boundary layer on the upper surface dis-

appears into the secondary vortex.

I}

)
FITT SN r o The boundary layer surrounding the leading
omréde med strémn;j 3
liknande vingar o edge is thin since the line of stagnation runs along r
stort sidofrhaiiande the lower surface of the wing close to the leading edge.
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o] The material in the boundary layer is swept up into the
nuclel of the vortex systems.



When the angle of attack continues to widen further past the area of /18
the angle of attack related to leading edge separation, an actual collapse
of the flow will gradually develop. This occurs in analogy with what is
valid for wings with moderate aspect ratlos, i.e., when the local pressure
gradient has reached the critical value inside the narrow strip of secondary
separation (cf. Figs. 8 and 16). The separation starts at the wing tip and
continues foreward-irward (tip separation). It is felt like a successive
increase of the buffeting level. The rear portion of the wing is unloaded,
which means reduced longitudinal stability (see also further on). Samething
happens above the wing as well: the orderly helical structure above the
wing collapses (vortex collapse). The vortex collapse can be easlly ob-
served by means of smoke in a wind tunnel or by means of bubbles in a water
tumel. In front of the point of collapse, the nucleus of the vortex cone
is distinctly defined as a narrow filament originating from a point close
to the top (or apex) of the delta wing. Within this narrow filament the
alr is transported downstrean with a speed considerably faster than that of
the free flow.

At the point of collapse there is a sudden blockage of the axial flow
(i.e., the transportation of the alr downstream) within the nucleus of the
vortex cone. The vortex filament widens to form a "funnel" within which
there is a more or less disorderly flow. In English this 1s called a "vortex
breakdown"; in Sweden we sametimes call it the "funnel phenomenon of delta
wings." A vortex cone, the nucleus of which has broken down, is no longer
an efficient producer of 1ift. When the angle of attack is still further
widened, the breakdown of the vortex proceeds frontward (it started initi-
ally downstream just behind the wing), reaches the tralling edge of the
wing and continues thereafter across the wing. Thereby a gradual decrease
of the gradlent of the CL(u) graph occurs (cf. Flg. 7 and 13), and by time
it results in that a maximm is reached also in the case of slender delta
wings although not one as well defined as that of a wing with a large
aspect ratio.
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We shall sumarize what is valid for a delta wing:

1. Conventional adherent flow occurs only at very narrow angles of
attack.

2. A so-called leading edge-separated flow with vortex cones
above the wing is the typical form of air flow within a very
wide range of angles of attack. The gradient of the graph,
illustrating 1ift, becomes steeper than at narrow angles of
attack.

3. Maximm 1ift occurs only at very wide angles of attack.

I. The "saturation" of the graph, illustrating lift, is gentle
at wide angles of attack.

5. The collapse of the leading edge-separated flow occurs in part
in the form of successively increasing tip separation, in part
due to the fact that a "funmel" travels across the wing during
the breakdown of the vortex.

At what point in time the maximm 1ift will occur depends on the angle
of the leading edge sweep-back. While a 50° delta wing experiences a flow
collapse at o & 12 - 15°, a 60° wing can tolerate up to 20 - 25° angles
of attack. The stability of the flow can be advantageously affected by very
small, often local alterations of the leading edge of the wing such as its
cambering, vertical gulde rails (so-called vortex separators) or a "notch"
in the leading edge, etc. The result is that in the case of this very simple
type of wing, a large margin develops in respect to maximum 1ift at low
and moderate speeds during normal flight. This fact in combination with the
excellent characteristics of this wing type at high speed makes it expeclally
suitable for supersonic planes, where it is required that the load factor
can be temporarily increased, e.g., during take-off and when turning. In
addition the slight gradient of the 1ift graph at narrow angles of attack
mekes the alreraft relatively insensitive to [kytt = ? buffeting] when
flying at high speed and at a low altitude.
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It is evident from what has been stated above that the detailed appea-
rance of the ailr flow across a delta wing at large angles of attack is rela-
tively complicated. In practice a further simplified model of the delta
wing is used, where the vortex layer, separated along the leading edge,
is schematically illustrated as a single "leading-edge vortex". The corres-
ponding range of excess speed does not deviate very much from what is
illustrated in Figure 16.

The simplified model is illustrated in Fig. 18. Thus, from the point
of view of interference, the "free" vortex layer, detached behind the
wing, can be considered as a single vortex where the filament of the vortex
corresponds to the narrow "nucleus", which is enveloped within the Involute
layer of the leading-edge vortex and can be observed during experiments
with smoke.

Ungefirliga lagct av virvelsystemets

kérna hos en 70° dettavinge vid
0,766& o= 20_30
1 Vind

77,2%=1,1x70°
- ' 70°

Fig. 18. Schematic description of the vortex system of a delta wing.
Key: 1. Wind.
2. Approximate position of the nucleus of the vortex
system of a 70° delta wing at o = 20 - 30°.

1.8. Interference Between Fuselage and Wing During an Air Flow Separated
by the leading Edge

The circulation described above is utilized for all delta-winged aircrafts,

among others, FPL 35.
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Tn the case of real aircrafts it is necessary to take the interference
between the bow of the fuselage and the air intake as well into considera-
tion. By using the simplified flow model described above, it 1s convenient
to illustrate the process in the case of some camon alrcraft configurations
with delta wings in the following manner:

a) ren deltavinge b) deltavinge med kropp c} “dubbel” deltavinge (typ fp! 35)

xf%ﬁ =]

T~
o s A D B

Fig. 19. Practical application of the delta wing principle.
Key: 1. "Pure" delta wing.
2. Delta wing with a fuselage.
3. "Tandem"delta wing (the type of FFL 35).

In stead of a single system of leading-edge vortices, two or more systems
can be seen, originating from the bow of the fuselage or from a portion of
the alr intake. These systems interfere mutually with each other so that
the imner pair of vortices 1s forced down against the wing while the outer
one tends to become elevated above the wing surface. Outside the inner
vortex palr a field exists which is swept upward and contributes to an in-
crease in the angle of attack locally around the starting point of the outer
vortex palr, thus, increasing the force thereof locally. The fuselage, the
wings and the portion of the air intake must be carefully adjusted mutually
from an aerodynamic point of view. An optimal utilization of the characte-
ristics of the leading-edge flow has also resulted in sophisticated solutions
of aircraft designs, such as, e.g., in the case of the Concorde. This inter-
ference has also been applied for FPL 37, among others in order to make the
outer wings effective as producers of 1ift at narrow ané moderate angles of
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attack. The disadvantage of this configuration lies in the fact that the
circulation around the outer wing collapses relatively soon, resulting
in "pitch-up" (cf. below).

1.9 Interference Between Two Delta Wings in Tandem Formation During An
Mr Flow Separated by the Leading Edge - Principle Behind FPL 37

This principle has been further developed in - respect to FPL 37 by
utilizing the mutual interference between slender delta wings In a tandem
formation in order to achieve even further improved characteristics of the
1ift (Fig. 20).

'amik

Fig. 20. Schematic illustration of the vortex.systems of a tandem
delta wing configuration.

The basic flow phenomena and the aerodynamic properties of the "Viggen" /21
configuration at low speed can most satisfactorily be demonstrated by the
results of investigations concerning a strongly schematized model built at
the start of the 1960'5.1 The model was simply made of two flat delta wings
attached to a "fuselage" consisting of a thin, vertical piece of sheet metal.
The front wing (i.e., the canard) could be rotated and the position of its
axis of rotation could be varied vertically as well as horizontally. During
the wind turnel experiments, forces and moments in respect to both wings
individually as well as in combination, forming one single uwnit, were
measured. In addition, the air flow was made visible by means of smoke.

FMgure 21b illustrates the 1ift coefficient, CL’ (referring to the sur—
face of the canard) as a function of the angle of attack of the canard, l.e.,

ag = a 5, where o is the angle of attack of the wing. and 6. 1s the

1 mis and the follcwiﬁg paéés .up to n 32 are renroduced with minor changes
from Holme's paper on"The Aerodynamic Background od the Viggen System of Wings",
Cosmos 1980.
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position of the canard in relation to that of the wing. The measurements
were made in part with the wing removed, in part with the canard at verti-
cally different positions, one above, the other below the plane of the
wing but in both cases with the canard at a position of & = 25°. The
longitudinal position of the canard was the same in both cases. Without
the wing, the graph will assume the character, which in Fig. 7 was given
as typlcal for a slender delta wing.

o

b)  Lyftkraftskoeff. 1 nosvingen ver 2
for nosvinge huvudvingen
“ ) L - N E . .
2] P . -~ nosvingens virvelsystem
P nosvingen med borttagen huvudvinge

CLS p -\\ nsam 3 ~—& g E,/ -
14 ad .¥ ) Q Y E ——
nosvingen under

huvudvingen

0 T U v v e
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Fig. 21. Effect of the canard on the lifting force of a delta tandem con-
figuration.
Key: 1. Lift coefficient of the canard.
2. The canard above the wing.
3. The canard exclusively.
L, The canard below the wing.
5. Vortex system of the canard when the wing is removed.

When the canard was in a low position the presence of the wing had a
disadvantageous effect from the point of view of 1ift, but in an upper posi-
tion of the canard this had a remarkably improved effect on the 1ift which
resulted in that the C. increased by ca. 40% and was moved to a ca. 12°
wider angle of attack.
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This desirable effect on a frontally placed canard is caused by the
interference between the vortex systems of the canard and those of the
wing. Figure 2lc, drawn on the basis of experiments with smoke, 1llus-
trates how the vortices of the canard when in the wper position are
forced by the vortices of the wing to pass across the upper surface at
a lesser distance than when the main wing is removed. Due to this the low
pressure below the vortices, which produces 1ift, is enhanced. However,
it 1s even more important that the collapse of the forward-progressing
canard vortices is delayed by the accelerating flow and by the accom-
panying favorable pressure gradient, present on the upper surface of the
wing. When the canard is in the lower position, the vortices pass below
the wing, where they encounter a retardant flow with an unfavorable
pressure gradient which accelerates the forward progression of the vortex
breakdown (Cf. Figs. 8, 16 and 17).
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Fig. 22. Effect of the position of the canard on the 1lift of the wing.
Key: see p. 30.
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Key to Fig. 22:

1. The position of the canard can be altered by rotation around

this axis.

a) Iift as a function of the angle of attack of the wing system.

. Cp, of the main wing (Lift Coefficlent of the wing)

The main wing alone.

. With the canard in front of the main wing.

Wind direction.

Angle of attack.

. b) Distribution of local lift in the direction of the wing span

(schematically).

Local 1ift.

The 1ift is reduced heredue to a downward sweeping motion caused

by the vortices detached from the canard.

. The vortices of the canard cause an upward-sweeping motion within
this area.

12. The main wing alone.

13. The main wing in the presence of the canard.

14. Wing span.

15. Center.

16. Wing tip.
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In what mamner do the canard vortices affect the lift of the wing? Since /23
the canard vortices induce a downward-directed speed over the central
portions of the wing, especially in the vicinity of its apex, a reduction
in 1ift must develop there. This is confirmed by the fact that the

leading edge vortices of the wing according to Fig. 21 ¢ no longer origi-
nate from its apex but flow fram two points on its leading edge just out-
side the canard vortices. On the other hand, a 1ift-inducing low pressure
develops below the canard vortices due to locally increased excess speed
because the vortices pass just above the upper surface of the wing. However,
the net result is that the canard contributes to a reduction in 1ift of

the wing. This is evident from Fig. 22a, which 1llustrates the 1ift
coefficient of the main wing, C, , (in reference to the wing surface)

as a function of the angle of abggck of the wing, i.e., «. This reduction
increases when the positional angle of the canard, 6, becomes wider.

The reduction of the lifting power of the wing is, of course, not a
desirable effect. In order to investigate whether this could be avoided,
experiments were made with an altered wing design, the new shape of which
was achieved by cutting away the inefficlent apical portion and instead
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increasing the wing span so that the surface remained the same as before;
cf. Fig. 23. The results of the tests are evident from Fig. 24, illustrating
the resulting trimmed 1ift coefficlent, CL’ valid for the combination of
wing + canard as a function of the angle of attack of the wing, i.e., a,
in comparison with the corresponding graph of the original configuration.

+: o PRemoving a portion of the wing
results in a shorter, thus, a
lighter aircraft.

o Satisfactory stability proper-
ties at low speed.

o less wet surface = lower sub-
sonic drag.

o Larger aspect ratio - a lesser
portion of the wing surface lies
within the downward-sweeping
f1eld of the canard.

-: 0 Unsatisfactory stability proper-
ties at trans-sonic speed.

o Iless satisfactory distribution
of area — increased supersonic
drag.

o Lower construction helght of the
wing root —» a heavier wing.

Fig. 23. Delta tendem configuration with the apex of the wing removed.

The trimming means that the angle of adjustment of the canard, &, can be
altered in relation to the angle of attack, a, SO that there 1s always
an equilibrium of maments around the position of the point of gravity
which provides both configurations with the same stability margin. (This
concept is defined under sect. 2.4.) The data necessary for the trimming
of the adjustable angle of the canard, &, can be seen from Fig. 24. The
change in the shape (i.e., the removal of a part of the wing) has, as 1s
apparent, had the result desired: an increase by ca. 25% in trimmed 1ift
at a given angle of attack.

This gain in 1ift was the eseential reason why FPL 37 got its present
configuration. Because of its characteristics at high speed, it was not pos—
sible to cut off the wing squarely such as {llustrated in Fig. 23. Instead
a conpramise with a reduced leading edge sweep-back angle (45°) was opted

31



Trimmad !

1 lyftkrafts- ‘
koefficient 4 /2l
e Langdstabilitetskarakteristik :
L / f6r olika huvudvingplanformer: : [
{trim) (se kap 2) :
Q) 7/ nt <)
4.0 % / =) Bistihogs farter 5
&
o 74 f D3lig stabilitet
/ God 6
8
/ c
/ m
/) <
<)Q « ¢&&  Kompromiss 7
-0.5 // :
/ c o}
/ m Q Q
y/
/ - D Bist i I3ga farter O
3 ;
Anfalls- -,
b ‘-‘ . vinkel .
- A Ref. FFA-AU-11-76
FFA-AU-1-482
-p -t 5% X _GG :

Erfoderii it ~ ,
staliningsvin- | '
kel ho3 nos.. o ? ™~ ‘-
vingen for ut-10 = ~
wimaingav- ' - - —G—G— ™~ -
flygplanet - ; ' strim

Fig. 2U4. Effect

Key: 1.
2.

3.
I, ILongitudinal characteristics of different planar shapes

oo~ O\l

of a "lopped off" leading edge of the main wing.

Trimmed 1ift coefficient.

Adjustment angle of the canard, necessary for trimming the
alrcraft.

Angle of attack, a.

of the wing (cf. Chpt. 2)

. Most satisfactory at high speed.
. Satisfactory/unsatisfactory stability.

Conmpromise.

. Most satisfactory at low speed.

for (cf. Fig. 24). This compromise turned out to have the most satisfactory
characteristics in respect to the longitudinal stability as well. As mentioned
shove it is necessary to take the effects of the fuselage bow and the air-
intakes into consideration as well when adjusting the force of the wing
systems. This fact as well as the 1imitations on the construction led to

that during the final design of FPL 37 a fixed canard with a flap was-selected
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instead of a mobile wing. In order to make the trailing edge flap as effec-
tive as possible, it was executed in the form of a slotted flap. Although
in this manner the ideal effect was minimized because the wing system was
placed on a relatively wide fuselage and since the trimmable 4pical surface
thus became relatively small there was still a gain on the order of 7 ~10%

in respect to the pure, trimmed 1ift.
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Fig. 25. How the canard affects the distribution of the pressure across the
wi

ng.
(Key: see p. 34)
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Key to Fig. 25:

1. Measurement of the pressure over the wing in relation to a schematlc
configuration with a canard at low speed. (FFA AU-1-483, configuration

V5K1N2L3F3FB1) .
2. a) Canard with light load. 7. Canard with a heavy load (canard
3. Local pressure with flap deflected).
4, Cross section 1 (2). 8. Local pressure.
5. Wing vortex . 9. Main wing.
6. Canard vortex. 10. Canard.

Figure 25 illustrates what the distribution of the 1ift looks like at
two cross sections through the wing span of the main wing of a schematic
37 configuration. The angle of attack is varied so that it becomes evident
how the 1ift develops when the angle of attack 1s increased. In case a)
the canard has the same adjusted angle as the wing has and is, thus, rela-
tively little loaded, i.e., it produces a weak leading edge vortex in com-
parison with thet of the wing. Case b) shows FPL 37 in a landing configu-
ration where the load on the canard is increased by deflecting 1ts flap.

In case b) there are two distinct peaks 1llustrating 1ift; the imner
one is caused by the vortex system of the canard. At the same time it 1s
evident that in comparison with case a) the peak of 1ift close to the
leading edge of the wing (i.e., the outer peak) is reduced.

From the point of view of 1lift the advantages of the PFL 37 design
can be sumarized as follows:

1. Great maximm 1ift due to the maintenance of a stable flow up
to very wide angles of attack (ca. 27°).. %

2. Due to the trimming of the canard additional 11ft can be created
by means of the extra 1ift produced by the canard and the addl-
tional 1ift provided by the tralling edge flap and necessary for
momental equilibrium (see below).

When FPL 37 is landing it is in this manner possible to utilize a 1lift
capacity of the wing system which 1s almost twice as large as that of FPL 35

(on the condition of similar speed). In practice this advantage can be
utilized for a lower landing speed.
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lyftkraft

trimmad
lyftkraft

Fig. 26. Comparison between the trimmed 1ift of FPL 35 and that

of FPL 37.
Key: 1. Total trimmed lift.

Fig. 27. Wing surface necessary for FPL 35 in order to
provide the same 1ift as that of the 37 con-
figuration during landing.
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Figure 27 illustrates the wing surface which would have been necessary
for FPL 37 had the wing design of FPL 35 been retained and the demands on
the landing performance of FPL 37 had been unaltered.

Tt is evident from Fig. 25a that the peak of the 1ift at angles of
attack wider than 8 - 9° changes in character, becomes step-like and pro-
ceeds irward. A secondarily separated area develops outside the leading
edge vortex system of the outside portion of the wing (cf. Fig. 17).

This can be explained so that the vortex over the outer wing is
"1ifted" by the canard vortex, which according to Fig. 25 is the one most
powerful in case b).

5. THE LIFT AND THE PITCHING MOMENT OF THE FPL 37 CONFIGURATION AT /27
LOW SPEED

2.1 Introductlion

So far we have discussed the aerodynamic principle behind the 37 con—
figuration. We have described how the interference between two delta
wings in a tandem configuration can be utilized in order to achieve a sub-
stantial 1ift wp to wide angles of attack.

Tn this section we shall study in detail the characteristics of the
aerodynamic forces exerted on FPL 37 during straight-line flight. It is
just the interaction between these forces which provide FPL 37 with its
special properties. It is therefore worth knowing:

(o} how the aerodynamic forces vary in relation to the angle of
attack; and

o) how we are able to affect these aerodynamic forces and the equi-~
1ibrium between them.

We shall define the concept of longitudinal stability and find out how,
in the case of FPL 37, a satisfactory longitudinal stablility was achieved
up to wide angles of attack. For instance, in what manner is the longi-
tudinal stability affected by externally suspended arms? Many factors affect
the longitudinal stability and must be taken into consideration.
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Tn order to be able to follow the reasoning below, we shall recaplitu-
late the definitions of force and moment, coefficients and reference magni-
tudes. We will only take flying unaffected by an oblique air flow, l.e.,
pure or symetric fllght, into consideration. Corresponding forces and

moments are called symmetrical.

l
l' 2.2 Definitions of Symmetric Forces and Moments in Respect to FPL 37 /28
Two systems of definition are conventionally applied: a wing-related
system and a fuselage related one (Fig. 28).
1 Vindrefererat system o Kroppsfast system
| (stability axes) (body axes) standard hos fpl 37
‘ N
‘ T i
a {
! L = Lyftkraft © = Referens- N = Normalkraft
D = Motstand 3 punkt T = Tangentialkraft
M = Tippmoment M = Tippmoment
| . 4 Symmetriska krafter = krafter som verkar i fiygplanets symmetriplan. ' T
Fig. 28. Definitions of symmetric forces, angles and moments in respect to
FPL 37.
Key: 1. Wind-related system (Stability axes).
2. TFuselage-related system (body axes), standard.of FPL 37.
3. Reference point.
L = 1ift; D = drag; M = pitching moment ; N = normal force;
T = tangential force; M = Ptiching moment .
L, Symmetric forces = forces acting in the symmetry plane
of the aircraft.
The magnitudes are usually expressed in the form of coefficients (i.e.,
non-dimensional magnitudes). It is then valld that:
the 1ift coefficient CL - El_I_._S ¢ 3 the normal f‘or'cl?I coeffcient
v =35 °
the d coefficient CD - a_D_s_ ¢ ; the tangential gorce coefficlent
C‘I‘ =35 ° and that
M

the pitching moment coefficient Cm =g338c¢ °®
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where, as mentioned above, q = the dynamlc pressure,

l S = the reference surface (usually the wing
surface, in respect to FPL 37 = 46 m2), and

¢ = the reference chord (in the case of FPL 37

= 7.4 m).

The point around which the moment is estimated is called the reference
point and is selected as a sultable rear mean point of gravity, in the case
of FPL = STA X65B = 12350 (according to the system of coordinates valid).

The dependency of the angle of attack on these coefficients is charac-
teristic for the majority of aircrafts and looks, at low speed, in prin-
ciple as follows:

1 VINDREFERERAT KROPPSFAS
. T
= AXELSYSTEM 6 T AXELSYSTEM /29
- L N R (Result. luftkraft)
C_ (Lyftkrafiskoeff) 2 Cp (Normalkraftskoeff)
A 8
1.0 - 1.0 4
0.5 - 4 0.5
cm
(Tipp-
0 :\or;u)m A
N v v oeff. 0 Y T T T’
o 8° 10® 15°20°@ 0.05- 0 s° 10°15°20° @
Cpn (Motstdndskoeft.) 3 N
D
. ) oN 9
03 ] o A S {Tangentialkraftskoeff.)
0.2
-0.054
0.2 4
- 0.40d Cmariika 5 J
0.1 J i bids systemen . 0.1 .
. =
’——\
0 ——— >
o 5° 10° 15° 20° «a R P 105° 20° 25%

Fig. 29. The dependency of the angle of attach (the characteristics) of
symmetric forces and moments of FPL 37.

Key: 1. Wind-related axial system 7. Fuselage-related
2. (Lift coefficlent) axial system
3. (Drag coefficient) 8. (Normal force coeffi-
\ 4, (Pitching moment coefficlent. cient)
‘ 5. Cm is the same for both systems. 0. (Tangential force coef-
! ’ ficient)
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2.3 Characteristics of Normal Force

The normal force of the fuselage-related system corresponds to the 1ift
of a wind-related system (see Fig. 28). The dependency on the angle of attack
in the case of both these forces looks quite simllar. For practical reasons
normal force and its coefficients are used below for the continued reasoning.
(The fuselage-related system is standard in the case of FPL 37.)

Iet us contemplate the normal force coefficlent (CN) in detall; as men-
tioned above, it is mainly dependent on the angle of attack. It is therefore
customary to split up the CN according to the following schematic manner of
designation:

Cy = CN(a= 0) + Oy ()

~ T -7 . T J

Contributlon Contribution
independent on dependent on the
the angle of angle of attack
attack

At low speed the variation in normal force in relation to the angle of
attack (i.e., the characteristics of the normal force) takes the form illus-
trated in Fig. 30. This figure demonstrates also how various partions of
the alrveraft (its fuselage, canard or wing) contribute to the normal force
(in the diagram expressed by its coefficient, CN). The zero contribution
CN = (a = 0), is minor and can therefore by ignored for the sake of sim-
plicity.

Tt is evident that a relatively large amount of the normal force of the
canard is lost in the form of an interference load on the main wing. (At
narrow angles of attack up to as much as 80% of the load of the canard is
lost due to interference). The major portion of the load due to interference
can be referred to the apical imner portion of the main wing. At increasing
angles of attack the relative size of the interference load diminishes and,
finally, the effect of the favorable interaction between the canard and the
wing becomes clearly evident. Because of the interaction of the various
contributions, a characteristic of normal force results which is fairly
linear uwp to wide angles of attack and has a large maximm value.
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Fig. 30. Characteristics of the normal force of FPL 37 and important
partial contributions to the characteristic of this force.

Key: 1.

Normal force coefficient at low speed; reference
surface 46 me. Analysis of partial contrbitions.
Partial contributions:

POV EW

Interference of the canard on the main wing.
Canard + interference load on the fuselage
caused by the canard.

The wing.

Interference on the fuselage caused by the wing.
Bow of the fuselage + alr intakes.

Angle of attack.

If the elevator is deflected, the normal force is affected as shown by

Fig. 3la.

A satisfactory i1llustration of the variation in normal force in relation
to the angle of attack as well as to the elevator angle can be obtalned if
the graphs of the angles of attack at different elevator deflections are
displaced laterally and are made to connect points with a constant angle of
attack such as seen in Fig. 3lc. There the normal force 1s represented as a
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Fig. 31. Effects of deflection of the
elevator and the flap of the
canard on the characteristics of
the normal force of FPL 37.

Key: 1. a) Effects of the angle of
attack during different
deflections of the elevator.

2. Normal force coefficient CN;
(reference su~face: 46 mé).
3. Elevator angle, 6e.

L, b) Effects of the cambined
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"hlanket" on top of the angle of attack, a, and the elevator angle, 6. When
it 1is known how the elevator angle necessary for trimming (Fig. 31) varies

in relation to the angle of attack, the trimmed normal force can be read

by means of this "blanket".

The change in the normal force in relation to a deflection of the flap
of the canard is evident from Fig. 3lc. In the figures the effect of
the flap of the canard in comparison with that of the elevator is very
limited as a coneequence of the fact that a great portion of the contribution
from the normal force is lost in the form of interference on the main wing.
The principal objective of the flap of the canard is, thus, not to furnish
a contribution of its own to the total normal force or 1ift but instead to
balance the deflection of the elevator (i.e., to contribute to the pitching
moment ) and, thus, give rise to a positive contribution from the elevator
to the normal force (see Fig. 32).

Before we proceed to discuss longitudinal stability, it may be appropriate /32
to illustrate how the characteristics of the normal force of FPL 37 hold
wp in comparison with those of our preceeding types of aircrafts, i.e.,
FPL 35 and FPL 32:

C

NA
2.0 =
37, Fig. 32. The characteristic
Sef=46m | of the normal force of
. FPL 37 in comparison with
that of FPL 35 or FPL 32.
Untrimmed aircrafts.
Key: 1. Flap.
e o FPI35
1.0 4 Sret = 50 m?
; 1
H Fp! 32 (kiaff 28°)
{ S,g = 374m7
,-' Fol 32 (kiaff 0°)
e
o‘ v L
0 10° 20° 30° 40° @

L-35F-1 R2
L-37-1B537 mr.
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Conventional aircrafts with swept-back wings must rely on heavy and
complicated mobile elevating arrangements (e.g., large tralling edge and
leading edge flaps) in order to be able to compete with delta-winged
planes in respect to 1lift. Thils is all right at low speed but for several
reasons it is difficult to utilize such arrangements effectively when
maneuvering at high speed. In many countries this is at present one
of the most vital current problems of the aerotechnicians of the 1970s.

2.4 Longltudinal Stability, Pitching Moment and Margin of Stability

We have seen how the aerodynamic forces affecting an aircraft can be
distinguished into several partial contributions. If we now look at an
aircraft from the side (all the forces are supposed to attack within the
symetry plane of the aircraft), it is easy to demonstrate - like in
Fig. 33 - how the different partical forces act at different distances
from the point of gravity (or the reference point) of the aircraft. Each
partial contribution furnishes a (pitching) moment around the reference
point. In the case of a slender aircraft as FPL 37 the partical forces
are rather well dispersed longitudinally. In respect to the normal force
it is - just like before - possible to distinguish the pitching moment
and its partial contribution into one part, independent of the angle of
attack (a zero contribution) and one part, dependent on the angle of attack.

If using the coefficients, this can be written:

Cm= Cm (a=0) + Cm (a).

The zero contribution is in general minor and 1s of no importance at /33
low speed.

The portion depending on the angle of attack is, an the other hand,
considerable and of essential importance, since it decides directly
whether the airplane is longlitudinally stable or not.

The most important partial contribution of the aerodynamic forces in
the case of an untrimmed FPL 37 is evident fram Fig. 33 (by an untrimmed
alreraft we mean that any deflection of the elevator plus the deflection
of the canard flap will equal zero).
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Fig. 33. Partial contributions to the normal force of FPL 37. Attack
points and approximate relations between the magnitude of
the different contributions.

Key: Ny means the contribution of the bow of the fuselage. _-
Ny, " " " of the air intakes.
" " " of the canard
" " " of the interference load on
the wing, caused by the canard.

" " " of the main wing.

The resultant pitching moment, M.

Definition of ‘a . positive direction of the

pitching moment.

NEE T

The resultant force (N in Fig. 33) is equal to the sum of the partial
contributions mentioned above and corresponds to the total untrimmed normal

force of the alrcraft.

At positive angles of attack this will, thus, produce a lowering mament
on the bow of the aircraft. Since the normal force increases with increasing
angle of attack, the pitching moment will became increasingly negative (the

definition of a positive moment is evident from Fig. 33). Thus, the following . :

is valid:.

Statically longitudinally stable aircraft:

o The resultant normal force (the portion dependent on the angle
of attack lies behind the point of gravity (the reference point).

o) An increase in the angle of attacl leads to an increasingly

negative (bow-down) moment.
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The greater the distance between the point of attack and the ref. point,

the more stable is the airplane. The reverse (i.e., N in front of the
reference point) produces a "nose-up" moment 1n relation to an increasing
angle of attack, which results in a longitudinally unstable aircraft.

In the case of an ordinary, longitudinally stable aircraft with an
ideal, linear characteristic of the pitching moment, the latter depends,
consequently, on the angle of attack and is, thus, = O only at a single
angle of attack.

During the flight it is therefore necessary to restore the equilibrium
of the moments, which is one of the conditions for being able to fly
straight ahead. Thls is usually accomplished by deflection of the ele-
vators. It is necessary to balance, - or "trimj - the aircraft and for
each angle of attack, a certain deflection is necessary for achieving
the correct "trim".

Figure 34 illustrates how a conventional elevator behind the reference
point affects the moment of a stable aircraft.

An upward deflection of the elevator (according to the définltion =
a negative deflection of the elevator) is, thus, necessary for restoring
the equilibrium at normal, positive angles of attack. This means that
the deflection of the elevator delivers a negative contribution to the
1ift, the greater the wider the angle of attack is and the greater the more
stable the aircraft is. In order to avoid unnecessarily large losses due
to trimming the aircraft must, thus, not be too stable.

To achieve an ideal, recti-linear graph of moment , the dependency on
the angles of attack must be adjusted so that the final result ends in
a momental curve, if possible locking like in Flg. 3h.

The gradient of the C greph is, thus a direct measure of longitudinal
stability. The gradient of the C (¢) graph is called the "margin of
stability" and is usually wri’c‘cen as o Cn/s a. Its standard size in the
case of FPL 37 (in reference to the mean position of the point of gravity)
is, at low speed, on the order of 0.3 m. The magnitude is determined in
part by the actual variation of the point of gravity of the aircraft, in
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Fig. 34. Key: 1. a) Cp = f (a) for an unstable as well as a stable aircraft.

1

2. Coefficient of pitching moment, Cp

3. Unstable alrcraft.

4, Angle of attack, a.

5. Angle of elevator, ée tpip (for trimming an aircraft at the
angle_of attack, otyim-

6. Elevator, O°.

7. Stable alrcraft.

8. Two manners of illustrating whether an alrcraft is statically
stable longitudinally.

9. b) Cp = £ (Cy) of an unstable as well as a stable aircraft.

. Unstable aircraft.
. Normal force coefficient, CN.
. Stable alrcraft.

part in respect to what extent the shape of the graph of the moment is affected
by different aerodynamic factors.(see below).

By means of Fig. 35 it 1s easy to demonstrate what happens when the distance

between the point of attack,belonging to the load and depending on the angle

of attack, and the reference point is altered. If the stability margin is
reduced, a position will gradually be reached where the gradient = O and where,
consequently, Cp will not change when o is altered. A neutral stability has
been achieved. The: reference point ( the position of the point of gravity)
corresponding to a gradient (i.e., the stability margin) = O is called the
neutral point (abbreviated as NP). When the neutral point is the same as

the reference point, the pitching moment will take the form, shown in Fig. 36.

Neutral (indifferent) stability means, thus, in practice that the aircraft
is extremely sensitive for a defléction of the elevator.
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Cn
3 ~.
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Framtungt fpi
Framtungt fpl

Fig. 35. Effect of the position of the point of gravity (the reference point)
on the dependency of the coefficient of pitching moment on the angle
of attack.

Key: 1. Cp (coefficient of pltching moment)
2. Angle of attack.
3. Tail-heavy alrcarft.
i, Bow=heavy aircraft.
5. Normal force coefficlent.

c
f m Fig. 36. Pitching moment as a consequence
‘ of the normal force of an aircraft
. . . e with neutral stability.
—
Cy (a)
~

Unstable graphs of moment can in carbination with advanced steering auto-
matics be utilized in order to profit from the 1lift due to deflection of the
elevator. For practical and/or economlical reasons FPL, 37 does, however, not
utilize this instability but is deslgned as a conventional, stable aircraft.
The mean position of its point of gravity, X65 = 12350, has been selected so
that a satisfactory stability can be achieved even during difficult flying
conditions together with an external load (the stability margin at low speed
will be on the order of 0.3 - 0.5 m, which is a rather representatlve measure
of the distance between the neutral point and the point of gravity in respect
to an airplane of that size).

It is usually not difficult to select a position of the point of gravity
when designing an alrcraft so that the plane will become stable. It is
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considerably more difficult to avold localized instability at certain angles
of attack. This is very common in the case of alrcrafts with a small aspect
ratio. From the point of view of flight characteristics it is important to
avoid non-linear graphs of moment. Therefore the problems pertaining to
FPL 37 will be discussed in rather great detail. Figure 37 1llustrates an
example of what a graph of moment can actually look like.

In case A the local stability

c.
4 " : margin equals the gradient of the
tangent of the curve at that point

\ R - and this can, therefore, differ
+ considerably from the mean stabi-
\ 1ity margin.

Tt is an esay task to achieve

Fig. 37. Graph of the pitchi a linear graph of mament in respect
moment with non-linear charac- tp a slender aircraft with a large

teristics. longitudinal scattering of the 1ift
(normal force) portions. In order to touch upon some of the problems, we
shall demonstrate how the portions of 1lift (normal force) vary in relation
to the angle of attack in the cases of the bow of a fuselage, typical delta
wings with different sweep-back angles of the leading edge, and the inter—
fering load induced on the wing by the canard and typical of FPL 37.

8) Kroppsnosar ' o) Deltavingar o
. 0
70" e o
Ac, Ac s/ &0
(CL) ( L) /

«
>

'Q

Fig. 37. Examples of how varioﬁs partial contributions to Cy
vary in relation to the angle of attack.
a) Bow of fuselager; b) Delta wingsy c) see p. 48.
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¢, :’:((:«éfo::nzlgsi f'p:.:ll(::ogv(i:ng?;a;tt"i. Fig. 38 (cont.). Examples of how various /37
(~c,) ik hos nosvingen sjlv) N partial contributions to Cy vary
in relation to the angle of attack,
\ a
N —> ¢) Interference load on the wing

caused by the canard (linear
Cy characteristic of the canard
itself.

In the cases of swept-back or delta
wings with large lateral extention, the
course of the separation, taking place
before the wing actually stalls, plays a major role for the appearance of the
graph of pitching moment. In addition to the effect due to the configuration
of the wing itself, the course of the detachment is also affected ly the area
of interfering. flow within which the wing 1s placed (cf. Fig. 19). It is
typical for acute swept-back wings and delta wings with leading edge eeparation
that there is a large local load in the direction of the chord close to the
tip. Tip separation starts there and off-loading of the trailing portion of
the wing follows. The increase in 1ift becomes damped and the entire 1ift
resultant of the wing will be moved forward. A so—-called Mpitch-up" occurs:

cf. Fig. 39.

‘ Cm L - :
- Hela vingen
avlast
i R ]
o 30° g
Superstall-
“ Kraftig lokal #~ omradet
instabilitet
1 ’pitch-up’
Effekt orsakad
av sekundar- ’
aviosning vid Cm.
méittliga - @ !
1 Vingspets- Cn
aviosning >

B A

Fig. 39. Characteristics of the pitching moment of a delta wing.
Key: 1. Effect due to secondary separation at moderate a.
2. Separation starts at the wing tip.
3. Strong local instability, "pitch-up".
i, The entire wing is detached.
5. Area of super-stall.
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In the worst case the pitch-up can be so severe that 1t cannot be counter-
acted by elevator deflection, especlally since the trailing edge flap of the
wing loses part of its effect when the wing has been detached. In the case
of delta wings, small, momentary changes in the type of flow can occur (e.g.,
sudden locally appearing, secondary separation below the leading edge vortex).
This produces graphs og moment with a "kink", in principle similar to that
in Fig. LO.

? Cm 1 Tippmomentkarakteristik med lokal olinjaritet (klink eller “hack”) Fig ,40
N Cn Key: 1. Characteristic of
N > pitching moment with local
non-linearity (a kink or
a "nick") .

2. Local instability within a
narrow range of angles of attack.

ot 3. A typical phenomenon pertaining

instabilitet
inom ett litet

Snfalisvinkel- to a "typical" delta wing within
3 Typiskt feromen hos en ren deltavi the entire range of subsonic flight
e TaKaTs vid santsoniaks e or, locally, during trans-scnic flight.

The ailr flow around the wing can frequently be affected when, for instance,
external equipment is mounted below the alrcraft. Deflection of the elevators
or allerons can also disturb the circulation across the wing. In the case of
FPL 37 we have succeeded by means of a sultable choise of leading edge sweep-—
back, planar shape and the mutually relative positions of wing and canard as
well as their sizes to achleve a configuration with a practically linear graph
of momentum up to ca. 28°. The pitch-wp ensuing is attenuated Wecause the
canard starts to lose 1lift at approximately the same time as the pitch-up
effect reaches its maximm. Figure 41 gives an idea of the work behind this
and also of the sensitivity of FPL 37 to changes In the design. The figure
11lustrates the effects on the longitudinally stability, exerted by the ralsed
position of the canard and ifs length as well as the sweep-back of its
leading edge 1in addition to the effects of the planar shape of the wing.

(cf. also Fig. 24).
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Key to

|_J
O\O O3 AUl =W
. . . .

11.
12.
13.
14,
c
PR

16.

Mg, U1:

. - Data on longitudinal stability of two mutually interfering delta-

wings in tandem formation at low speed.

. (Beference point selected so that the same margin of stability is

achieved at narrow angles of attack and a constant longitudinal
position)

(Areal correlation between canard and wing = 0.20)

. Vertical position

a) Effect of the vertical position of the canard (nv)
(Longitudinal position O)

(0N = the symmetry chord of the canard)

b) Effect of the longitudinal position of the canard.
(Vertical position 0.1)

Longltudianl positions 0.6, O.4, and O.2.

Longitudinal position O

c) Effect of the outer leading edge angle of the canard
(Longltudianl position O, vertical position 0.1)

d) Effect of the outer leading edge angle of the main wing
(Longitudinal position O, vertical position 0.1)
Longitudinal position 0.6, 0.4 and O.2.

2.5 Effect of Modification of the leading Edges of the Wing and the Canard

on the Pitching Moment

It is, thus, possible to affect the course of the pitching moment by means
of relatively limited modifications of the leading edges of the canard and the
main wing. This fact has also been utilized in order to improve the charac—
teristics of FPL 37. Such modifications are illustrated in Flg. 42,

1

Fig. L2. Various means for
VElvni eliminating local distur-
vﬁ,%:mn - bances of the pitching moment.

. Key: 1. Cambering of the leading
' Tramkantiiafl__ 6 Sctioner: edge of the wing.

2. Bending down (leading

3Virveldelare edge flap)
(ledskenor) . Vortex dividers (guide

1} Hack i ving- -
framkanten ~
5 Sagtand- .
framkant .,/ C
T
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ralls
. Notch in the leading edge.
. "Sawtooth notch" in the
leading edge.
. Cross sections
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A11 these modifications contribute to smoothing out or stralghtening
the course of the graph of pitching moment. They will be discussed below.

a) Cambering /40
The main objective of cambering is to reduce the drag at wide angles of
attack. As a side effect the longltudinal stability as well is affected.

In part the limit of the angle of attack is raised at a point where the
to leading edge separated flow occurs (Fig. 43):

Cm 6

A
fordré)t omslag *+ill framikant-
avhkst dfo"nvnfn_g
D a
1
mins krin 3 2o .
- Ivd vinge
av effektiva (VG 3
;:fallsw'nkdn i N )
r . !
. p/an vinge
7 kanfaviost Sfra"lﬂﬁl'n’ ::!""' K
Zn > -

Fig. 43. Effect of a cambered leading edge of the wing on the 1lift (normal
force) and the pitching moment of a delta wing.
Key: 1. Reduction of the effective angle of attack results In ...

. Flat wing.

Cambered wing.

. Area cambered,

Conversion to leading edge separated flow.

delayed conversion to leading edge separated flow.

NN N
o s .

In part the position of the leading edge vortex, too, is affected just
like the size of the secondarily separated area (cf. Fig. 17) and its Increase
in size in relation to an increasing angle of attack. In less fortunate
cases of a badly adjusted cambering, abrupt converslons of the circulation

can occur.

By allowing the cambering to diminish toward the wing tip, the conversion
to leading edge separated fiow can be made to start at the tip and proceed
inward. In reverse, an increased camber toward the tip can make the starting
point proceed rearward in relation to widening angles of attack. It is also
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Fig. 44, Effect of leading edge canbering on the circulation around a

delta wing.
Key: 1. a) Characterdstics of the moment.

2. Reduced stability, occurring early,
dary separation of a cambered wing.

b) Circulation.

-3 OV =W

. The area. secondarily separated, is
spreading of the area at increas

hampered.

due to altered secon—-

. CGradual reduction of the stability of a flat wing.
The cambered wing retains more satisfactory characteristics
of stability at wide angles of attack than a flat wing does.

. The canbering moves the leading edge vortex outward.

moved outward and the
ing angles of attack is

8. (the size and development of the area, secondarily separated,
determines the Cp characteristic, .e.g., how much border layer
material is added to the leading edge vortex. )

to affect the course of the separation at the wing tip within narrow limits.

Cambering, satisfactory from the point of view of drag, is not always
satisfactory from the point of view of stability. It 1s particularly easy

to lose stability at wide angles of attack when the area secondarily separated
increases in size. In the case of FFL 37, the external portions of the canard
and the wing are provided with cambered leading edges. These curvatures com-

pensate in general for each other in relation to longitudinal stability.

b) Partitioning of the Vortex Layer, — "the Sawtooth Notch"

In order to counteract too sudden changes in the size of the areas, secon-
darily separated, the layer of leading edge vortices and be partitioned and,
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Fig. U5. Effects of vortex dividers and leading edge with a sawtooth notch.
Key: 1. a) Vortex partitioning by means of guide rails.

2. With ...

3. without vortex partitioning.

i, ILine separating the air flow on the upper and the lower sides,
respectively.

5. Portion of the guid rail effective. for partitioning of the
vortices.

6. b) Vortex partitioning by means of sawtooth notch.

7. Point where the separation starts at the tip.

8. The advanced position of the leading edge beoynd the sawtooth
and the increased sweep-back of the leading edge outer part
contribute to further stabilize the air flow.

thus, a softer transition can be accamplished. In general the total 1ift can be
somewhat altered when more air from the boundary layer is fed into the area,
secondarily separated. Vortex dividers in the form of guide rails (fences)

are found on the outer portion of the wing of FPL 35. On the prototype of

FPL 37 there was also similar fences on the outer portion of its wing. How-
ever, a corresponding effect can be achieved by means of the armament girders
below the wing or if a jack or "notch" 1s made in the leading edge of the

wing. A notch is used for splitting up the vortices of, among others, the
Mirage III. The effect of vortei dividers and sawtooth notches is evident
fram Fig. 45.

The final fine-adjustment of the graph illustrating the moment of FPL 37
was achieved by introducing a down-curved addition (a slat) to the leading
edge of the main wing at its extreme end. In connection with the reconstruction
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the antenna pod, previously placed on the lower side of the wing, was moved
so that it became "integrated" with the sawtooth. This further improved the
efficiency of the leading, sawtoothed edge at the same time as the level

of vibration at large load factors and high speed was also improved. Finally,
the new construction provided a possibility for introducing still another
position of an armament girder (i.e., R 7.

Cr
l .

> o § 9 15 2 25" P X p
- Frambantavicst stromning .1 spets avlasrmn
-\ borjar meng 5 bé}}ar na;y,'nse
4 tesming barra ' J
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2 sekuvnddrav- hu w'ngéor'
".:53 -c ;:5-'”'39 _borjar,
v YW Vlr.ge
huvud -
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Fig. 46. Effect of the course of the air flow on the characteristics of the
pitching moment of the BPL 37 configuration.
Key: 1. Flow separated by the leading edge begins.
2. Canard.
. Wing.
. Secondary separation starts; the main wing
. Tip detachment starts;the main wing.
. Tip detachment starts; the canard.

U =W

The addition of the sawtooth led to that it became possible to increase /42
the sweep-back of the leading edge at the extreme portion of the outer wing
from 59.9° to 63°. Thanks to the canbering and the increased sweep-back of
the leading edge, an especially stable air flow close to the wing tip was
accomplished. The favorable effect, achieved by further advancing the starting
point of the vortex at the outer pertion of the wing to a position in front of
the leading edge of the central wing contributes also to the stability. A
"prisk" start of the vortices is obtained without interference from the leading
edge of the central portion of the wing. The stabilizing of the circulation
across the outer portion of the wing, accamplished thanks to the sawtooth,

did also lead to that the disturbances due to external equipment could be
reduced.
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2.6 Characteristics of the Pitching Moment of FPL 37 in Comparison
With that of Other Aircrafts

The conclusive graph illustrating the moment of FPL 37 in comparison
with that of FPL 35 and FPL 32 is shown in Fig. 47. The characteristics of
the pitching moment of FPL 37 is also compared with that of some foreign
aircrafts.
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Fig. 47. Key: 1. a) Characteristic of the pitching moment of some \

delta-winged ailrcrafts; a comparison.

. at low speed

. frl = alrcraft

. FPL 35 (reference point: STA xj = 10000)

. FPL 37 (reference point: STA = 12850)

Mirage ITI (wind tunnel experiments with a schematic model,

reference: TN HSA-137)

. (note: the kink in the graph of the moment of the Mirage at
o ca. 17° has since been alleviated by making a notch in and
canbering the leading edge of the wing.)

8. b) Characteristic of the pitching moment of FPL 37 in comparison

with some aircrafts with swept-back wings.

BN | O\ =W
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Tt is evident that the graphs of the pitching moments become disturbed /43
at much narrower angles of attack in the case of conventional, swept-back-
winged aircrafts. The strong pitch-up of FPL 32 at relatively narrow
angles of attack is due to the fact that the stabilizer becomes shaded at
the same time as the separation above the wing starts. The efforts made
in order to improve the characteristics of the moment of modern aircrafts
are evident, e.g., in respect to the F-U4, where again there is a V-position
of the outer wing and the stabilizer and where the outer portion of the
wing is equipped with a sawtooth notch.

2.7 External Aerodynamic Factors Affecting the Longitudinal Stability of
the Basic Aircraft at Low Speed

The effect caused by the presence of the ground (ground interference)
is an important external factor affecting the characteristics of the longi-
tudinal stability of FPL 37. This condltion can cause a considerable change
in the otherwise satisfactory basic longitudinal stability of the alrcraft
and shall therefore be described in detall.

a) Ground Interference

Iike in the case of most conventional aircrafts, the ground interference
causes an increase in the longitudinal stability of FPL 37, the more pronounced,
the closer to the ground the aircraft flies. The effect can be felt already
at an altitude corresponding to a couple of alrcraft-lengths only. The in-
crease in stability depends on the fact that the lifting force on the trailing
portion of the wing increases. This increase becames particularly notlice-
able in respect to shapes~ which make use of wide angles of attack when lan—
ding and have a large wing surface placed far back. The phenomenon is well
known by those who have flown FPL 35. The same type of disturbances of the

moment occurs there.

The effect of the ground interference on the normal force and the pitching
moment is evident from Fig. U48. The wings flaps are also affected - but more
about that later on.
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48, Effect of ground interference; FPL 37.
Key: 1. Coefficient of normal force.
2. In contact with the ground.

. Without presence of the ground.

. (FPL 37, low speed, aircraft ready to land; conf. TO, L)

3

b

5. Angle of attack, «a.

6. Result: The normal force increases and the aircraft
becomes more longitudinally stable when approaching
the ground.

7. b) Coefficient of the pitching moment.

Definition:

Below FPL 37 with the landing gear lowered and the filap of the
canard deflected at -30° will be designated as "Configuration TO, L"
(abbreviated as: M0, L) while an aircraft without any external load
shall be called "Configuration Combat" (abbreviated as: CO).

/b4

using the wortex.analogy like above - be explained as a reflex phenomenon;

The large increase in 1ift in the presence of the ground can - when

cf. Fig. 49.

The reflected vortex imparts a further reduction in the flow speed

below the lower surface of the wing with an increase in pressure below the
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Fig. 49. Ground interference; principle and A 2
mirror effect.
Key: 1. Directlon of undisturbed « Flral! uian

air flow, speed V

2. Lift associated with
ground effect. 1 _&sﬁarda 1vH.
ﬁ' Lift without ground effect.  rritning (= )
. Change in speed caused by hastiphet: [z, f— ﬁ‘,‘; Spege, yirye/n
the reflected vortex. ‘ véersbie herlan. U
5. Ground level 6:2‘:.‘3""*’6'"3':&». /L—_ 5
6. The reduction in speed - ©Sido aer dreee "
S . r r9d<_ /-—-—
below the lower surface °“""’?‘3 under vingen - ==
of the wing produces in- = N Pl
creased pressure below .
the wing.

wing as a consequence. The circulation around the wing becomes more forceful
because -‘the difference in velocity of the flow across the upper and the
lower surfaces is Increased.

The powerful "nose-down" moment depends on the fact that the rear portion
of the wing at such angles of attack is closer to the ground and, thus, is
most affected by the interference of the ground effect.

b) Air Intake Factor

Considerably more air enters the air intake at low speed than the amount
corresponding to the speed of free flow. The amount of air sucked in
when compared to that at a speed of free flow 1s usually expressed as the
alr intake factor, l.e.:
air flow through alr intake

C =
A density of the air x speed of free flow x intake area
With the aircraft at an angle of attack, a reorientation of the alr flow
occurs at the air intake. The change in direction of the intake impulse
results in an upward-directed force oh the cross section of the alr intake:
cf. Fig. 50.

The force resulting from the reorientation is proportional to the air-

intake factor and the size of the angle of attack and provides, thus, a de-
stabilizing contribution to the pitching moment, (a "nose-up" moment) .
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Fig. 50. The alr intake factor and its effect on the logitudinal stability.
Key: 1. Air intake.
2. Alr intake pipe.
3. Alir intake factor, CA'
4, Maximm traction.
5. Trimmed flight at constant speed.
6. Speed.
7. Normal force caused by the reorientating impluse of the
air intake.

Other, lesser disturbances of the moment occur in addition to the effect
of the reorienting impulse due to the altered flow conditions across the
canard. Thus, e.g., the local angle of attack can change in front of the
canard when the shape of the aitr intake is altered.
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Fig. 51. Key: 1. (the entire aircraft); 2. (effect of CA).

This effect exists for all aircrafts equipped with air intakes in front of /46
the point of gravity (thus, also for FPL 35) but 1t is especlally noticeable
in the case of FPL 37, in part because this plane can fly at such a slow speed
(which means a large air intake factor) in combination with wide angles of
attack and, in part due to the large amount of alr used by the FPL engine
(a high-pressure turbofan engine). |

|

This effect should up to a point be taken into consideration in connec- 1
tion with the aerodynamic design of the plane, but since this aircraft shall }
be able to fly at low speed as well as at high speed, a conpromise must usually |
be made.

2.8 Problems of Longitudinal Stability When Deflecting the Flap of the
Canard

Deflection of the flap of the canard contributes - briefly stated - only
a zero moment (see below), independent of the angle of attack. When the load
on the canard is increased, the part of the pitching moment, which depends on
the angle of attack, and, consequently, the longitudinal stability as well
become affected. The air flow around the canard is in the case of FPL 37
so stable thanks to the interference of the wing that no major change in
stability occurs before the plane reaches angles of attack, wider than 27°. 3
Then the pitch-up when the flap is deflected will be even smoother than in |
the case of an unloaded airplane without the flaps deflected. Before selecting
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the final configuration of the flaps of FPL 37, problems were encountered in
the form of local detachment at the flap which caused disturbances of the
kind called " a dip" in the graph of the moment: cf. Fig. 52.

2 : 3
J Cn erkel klaff spaliklaff

N ;\ =

rosvinzeilaff 30° 4 \

rnodifierat spzltklaffutforande (optimerad cpalt och

Lvirvelgenerator (v5) p& nosvingens oversidz frau-

5 ~ for klaffen)

ursprué.rrh v N

utforande tenkel-
klaff) l N\

(04
) landningskonfig (konf. L) 1

g‘ zndning
rent £p) (konfig, CO)

Fig. 52. Effects of a slotted flap on the longitudinal stability of FPL 37.
Key: 1. Flap of canard at 30°.

2. Plain flap.

3. Slotted flap.

i, Modified design of the slotted flap (slot optimized and a
vortex generator, VG, on the upper surface of the canard
in front of the flap).

5. Original design (plain flap).

6. Landing configuration (Conf. L).

7. Landing, unloaded aircraft (Conf. CO).

The "dip" caused local instability at certain angles of attack. In addition
there was a risk for vibrations. For the final shape of FPL 37 the problem was
solved by a careful design of the slot on the canard flap and the introduction
of a vortex generator (a boundary layer control) on the upper surface in front /U7
of the center-bearing of the flap. The vortex generator is shaped like an
obliquely positioned triangular fin and functions like a delta wing at wide
angles of attack. The turbulent flow takes care of the boundary layer behind

the vortex generator. The disorderly flow close to the surface of the wing
changes into one more orderly and stable.

This measure illustrates the solution of a typical problem when designing
the slot of the flap (it applies to all aircrafts with slotted flaps) in order
to avoid interference from the attachments (hinges) of the flaps-and other

maneuvering organs.
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Fig. 53. Placement of a vortex generator on the canard.
Key: 1. The vortex generator counteracts inter-
ference from the central-axial bearing
of the flap.

2.9 Problems of Longltudinal Stability When Deflecting the Elevator

Just like when deflecting the flap of the canard, a deflection of the
elevator will change the zero moment only within the area of normal flight.
Iike in the case of the flap of the canard, the deflection of a trailing edge-
elevator of a delta wing will affect the circulation around the wing tip
in special cases due to the fact that the change in load becomes locally of
major inportance at that point.

At large, positive deflection of the elevator, the pitch-up can become
magnified such as illustrated in Fig. 54. In practice this phenomenon is of
minor importance since an unfavorable conbination of elevator angle an angle of
attach cannot be achieved during trimmed flight.

‘Cm e F'il?;z 163&”0 6 o% Kraftigare pitch-up vid hoyd -

roderutslag nedat, dvs. skad
o belastning av vingspelsen.

¢ ',- '.“‘ ““6""',0. ned 2
““ dSe* 0. hijereder 3
Cher —10" orp b .
5 oms! hidrodrets nollmomerrttillskot borttaget | £ig.

- - -

Fig. 54. Effect of the elevator on the characteristics of the
pitching moment of FPL 37.
(Key: see p. 65)
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Key to Fig. 54:

("clean" aircraft, FPL 37 at low speed)

. Dovwnward

Elevator

. Upward

Note! The contribution of the zero mament of the elevator is not
included in the figure.

Thus: A more forceful pitch-up occurs at the deflection of the ele-
vator downward; i.e., when the load on the wing tip inaeases.

o UM rEwhoH
. . . .

A cause contributing to this phrenomenon 1s the sawtooth notch in the
leading edge of the outer wing of FFL 37. It contributes to the fact that
the graph illustrating the moment at large positive deflections of the
elevator will have a smoother course than that in the case of a delta
wing with a smooth edge.

2.10 Problems of Iongitudinal Stability in Connection With an External Load

The FPL 37 is able to carry an external load suspended at 7 points of
attactment (3 below the fuselage, 4 below the wings). A more complicated
picture of the air flow occurs when the aircraft carries an extermal load.

In part forces and morents are added to the ailrcraft by the external load,
in part it affects the circulation around the aircraft and, thus, the
characteristics of the 1ift and the moments. The large airfoils of the plane

/48

in relation to the external equipment carried cause the contribution due to inter-

ference to became a major source of dlsturbances on FPL 37 while, on the
other hand, the effects of the aerodynamic forces, directly affecting the
external load, are small.

The greatest interference with the longitudinal stability originates
from the external load when placed below the root of the wing (at the V7
girder). Due to the fact that, in part, the equipment is placed on the
wing in front of and below its leading edge, the fronts of the arms are
subjected to a lateral as well as an upward flow, induced by the vortex
systems of the canard as well as the main wing. Local detachment and vor-
tices appear therefore relatively quickly in relation to the increased
angles of attack of these parts. The disturbances lead to that the stable
separation above the maln wing, caused by the leading edge, is interfered with
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in such a manner that, in part, the development of the leading edge vortex
becomes locally obstructed and, in part, low energy air (a boundary layer)
is added to the leading edge vortex of the main wing.

The result is that the wing gradually loses its 1ift in relation to an
Increase in angle of attack, which means that the stability is lessened.
The reduction in stability is further accentuated by the fact that the
external load below the wing moves the point of gravity farther rearward.

The Ol-missiles, placed below the wing constitute the worst alternative
of external load from the point of view of stability. Thelr aerodynamic
effect is evident from Fig. 55.

Fpl 37 med ursprunglig 1 Fpl 37 med sdglandytervinge g
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vinge . 6

{Flggpzm med

Flygplan med
2 viélsplac. R 04

2 vingplac. Rbos

(ConF g0 {RM" fFlygplan

{Reni Cl%gplnn

(conf COY 8
Planform hos vindtunnel- Sq,a, dvin Vour- fand frambkcant | siot-
provod provipliconfig. vid gligt oramde i? vtfsrande med antenn-
tiden f5r forsia ﬂ‘.‘!ﬁ""‘s "“‘d 2|8b¢- hallet antenn- Poclen mfesrerod ' -ic-gfcmden
11 12

63"
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Fig. 55. Effects on the longitudinal stability of Ol-missiles, placed below
the wing, as well as of an outer wing with a sawtooth edge.
Key: 1. FPL 37 with the initial type of wing.
2. Area of instability.
3. Alrcraft with 2 wing~-mounted Ob-missiles.
I, Adrcraft without load (Conf. CO).
5. FPL 37 with serialized wing with a sawtoothed edge.
6. Thus, less disturbance due to the external load when the
wing is equipped with a sawtooth. [Key cont. p. 67.]

66



Key to Fig. 55, cont:

7. Areraft with 2 wing-mounted Oh-missiles.

8. Alircraft without a load (Conf. CO).

9. Design of a wind-tunnel tested configuration of a test plane at
the time of the first flight.

10. Vortex divider on the lower side of the wing (was never mounted
on the test plane).

11. Tnitial design of a wing with a sawtoothed edge with the antenna
pod in the initial position.

12. Final design of the sawtoothed leading edge where the anterma pod
is integrated with the sawtooth.

During the design stage the disturbances caused by a wing-mounted ex-—
ternal load constituted a problem which could be solved by introducing a
sawtoothed edge on the outer portion of the wing; cf. Flg. 55. Thanks to
the leading sawtoothed edge the local stability was considerably improved
in respect to both landing angles of attack (12 - 16°) and external load.
From the point of view of alr-worthiness, even the worst alternative, i.e.,
two wing-mounted Oi-missiles on glrder V 7, was no longer a problem.

As far as aerodynamics is concerned, wing-mounted Ob-missiles exert the
greatest effect. Next in order come

wing-mounted bonb carriages;
" " {arak] cases;
" " 05-missiles; and
" " countermeasure units.

The interference of armament, mounted at the outer position (R 7) below
the wing, is minor from the point of view of aerodynamics, in part due to
the flow-stabilizing effect of the leading edge sawtooth. The arms which
came into question for that girder position have a low weight and require

less space as far as aerodynamlcs 1s concerned.

An external load, mounted on the fuselage, does not affect the longi-
tudinal stability but contributes rather to a favorable position of the
point of gravity in relation to the stability.
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2.11 Zero Moment, Effect of the Canard Flap

As we have learmt above, the pitching moment can be dlstinguished
into one part, independent of the angle of attack (i.e., the zero moment ) ,
and another part, dependent thereon; see Fig. 56.
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Zero moment (C_at o« = 0 or Cy = 0).
m
Zero moment.

. Contribution of pitching moment, independent of the angle of attack.

Contribution of the pitching moment, dependent on the angle of attack
(part dependent on the 1ift).

The pitching moment can be distinguished into one part, independent
of a (Cr) and on depeéndent on & (Cp).

b) Partial contributions to the zero moment:

Bow of the fuselage.

Design of the cabin.

Position of the canard,

Bulge on top of the fuselage; the distribution of the cross section
of the fuselage.

Jet stream.

. External load. Key cont. p. 697



Key to Fig. 56 cont.
13. the position of the wing;

the relative vertical position of the wing;

the canard and the fuselage;

the torsion and cambering of the wing; and

interference from other parts of the alrcraft.

14, The position of the front of the airplan in relation to that of
the tail part ("bend in the fuselage")

15. Air intake.

16. Typical magnitudes of the coefficient of the zero mcement at low speed:

FPL 37, not loaded 0.006
" n Janding configuration + 0.036
FPL 35 F 0.000
Mirage ITI + 0.010
F-4, the Phantom 0.023

0O 0000

The zero moment depends, among others, on such factors as the camber and /50
the position of the wing, the down-slope of the front of the fuselage, etc.
At low speed and an aircraft without load and flaps and elevators not deflected
(an untrimmed aircraft), the zero moment is usually small in comparison with
the contribution dependent on the angle of attack. It is, thus, of compara-
tively little interest. On the other hand, at higher speed the zero moment
gains in inportance d4f the angel of attack 1s narrow. When projecting a
new aircraft it is, therefore, important to design the fuselage and the
wings, etc., so that the zero moment can be favorably utilized, among others,
from the point of view of drag.

In the case of aircrafts with mobile flaps, such as that of the canard
on FPL 37, a considerable zero moment has - intentionally - been developed
also at low speed. The relative magnitudes of the zero moment and the moment
dependent on the angle of attack can be seen from Fig. 52. Due to the im-
portant pitch-up moment provided by the flap of the canard, additional 1ift
due to the wing flaps, amounting to 7 - 10% of the total 1ift, can be obtained
(1ike 1llustrated in Fig. 26) when flying in a balanced condition (during
trimmed flight).

Tn order to utilize the flap of the canard in the most favorable manner,
this one has been designed as a slotted flap, due to which wider deflecting
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angles can be applied. The difference between an ordinary plain flap and
a slotted one is evident from Fig. 57.
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Fig. 57. Comparison between a plain flap of the canard and a slotted flap.
Key: 1. Contribution to the pitching mament by the flap of the

canard.

. Slotted flap.

Plain flap.

Angle of flap, &k .

. Pressure distribution above the wing profile including

it trailing edge flap (principle).

. Steep pressure gradient = risk for detachment at the

upper side of the flap.

. A slotted flap allows for wider deflecting angles by
counteracting separation at the flap.

-~ N Ul EWM

The alr flows from below through the slot of the flap and adds energy to
the boundary layer on top, thus, delaying the detachment, which otherwise
will occur when an adequately steep pressure gradient is reached. ILike
evident from the reasoning concerning longitudinal stability, the shape of
the slot is of major importance. The fact that a flow on the top side,
separated by the leading edge, occurs, makes the design of the flap par-
ticularly problematic. During the early stages of the 37-project, there
were plans for further increasing the efficiency of the flap by injection
of air onto the upper side of the flap; see Fig. 58.

Tn addition to preventing separation, a reinforcement of the air flow /51
above the upper surface could be achleved by a highly energetic injection
of air so that the difference in the speed of the flow and the lift of the
canard was increased (due to so—called supercirculation) . However, the air
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Fig. 58. Effect of blowing an ailr jet across the flap ( air injectlon over
the flap of the canard, initially planmned for FPL 37)
Key: 1. Addition to the pitching moment from various types of flaps
on the canard.
Mr jet flap.
Slotted flap.
Conventional flap.
Effect of supercirculation.
Flap angle, 8.
Air jet over flap.
Slotted flap.
The objective in both cases:
to prevent separation above the flap at wide flap angles.
AMr jets above the flap is most satisfactory but also
most expensive (it contributes also to reduced traction of
tThe engine and, in the case of FPL, probilems in respect to
the longitudinal stability).

O 00—~ OWJT =W

jet system was both heavy and expensive and offered a lesser margin when a
landing maneuver had to be asborted. It was therefore abandoned in favor of
a slotted flap.

When landing, the flap of the canard 1s lowered by 30°. During normal
flight, it shall be kept at 4o above the neutral position in order to provide
a favorable zero moment at high speed. To compensate for the additional con-
tribution to the zero moment at high speed caused by a heavy, wing-mounted
load it is, furthermore, possible to set the flap of the canard at -T2

2.12 Effects of the Elevator

Trimmed flight means flying in a balanced condition, 1l.e., so that the .
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sum of all the contributions to the pitching moment will be equal to zero.

Tn order to achieve this in respect to a conventional aircraft, a tail-
mounted steering mechanism with an elevator or, possibly, a mobile stabi-
lizer ("alil-flying tail" or stabilizer) is employed.

Thus, a long lever arm is introduced and, consequently, a relatively
minor deflection of the rudder is necessary in order to obtain a balancing /52
moment . During normal flight with a stable aircraft a down-ward-directed
force is required for balancing the moment of the untrimmed plane. Trimmed
1ift is lower than the 1ift acting on an untrimmed plane; a loss of 1ift
due to trimming (loss of normal foree) will occur. In the case of delta-
winged aircrafts, the necessary trimming force is achieved by means of a
trailing edge flap, which in general 1s designed as a combination of an
elevator and an alleron (an "elevon"). The lever arm will be shorter and
the loss due to trimming larger than in the case of conventional aircrafts.

The neutral point of FPL 35 was moved forward by extending the root of the
wing in a forward direction. Thus, a longer lever arm and a lesser loss
due to trimming was produced in comparison with what is the case of an
ordinary delta-winged aircraft of a type like the Mirage.

As far as FPL 37 is concermed, a longer elevator lever arm was achleved
due to the fact that the canard helps moving the neutral point forward. The
basic loss due to trimming without deflecting the flap of the canard is,
thus, also here less than that of a "pure" delta-winged aircraft. In addition,
a zero moment was created by lowering the flap of the canard. When landing,
this eliminates canpletely the loss due to trimming and at somewhat narrower
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angle of attack it even provides a trimmed 1ift which 1s greater than the
one not trimmed.

The deflection of the elevator necessary for trimming at different
angles of attack in the case of alrcrafts with or without a deflected flap
on the canard is illustrated in Fig. 60.
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Fig. 60. (Cf. Fig. 52). Angle of elevator for trimming an aircraft in
relation to the angle of attack.
Key: 1. Reference point: STA X65 123503 low speed.
2. Angle of attack, .
3. Alteration of elevator angle in order to sompensate for
the effect due to the flap on the canard.

A ca. 5° change in the elevator angle 1s necessary for trimming against
the normal (30°) deflection of the flap of the canard.

The efficiency of the elevator is illustrated in Fig. 61, which shows
changes in 1ift and moment as a cansequence of elevator deflection.

Just like demonstrated in respect to the normal force, it is possible
to represent the dependency on the angle of attack and the elevator angle
in the form of a "blanket" within the same diagram by means of which the
difference between the change in moment per degree of angle of attack
and the change in moment per degree of elevator angle can be directly

read (Flg. 62).

73

/53



Normallcrafikoeff, 1

for rent flygplan
Cn /,
2 /
hdjdroder - /
vinkel? / /

05 1

ﬂPPmoman(oeFf . b
for rent flygplan Cidgfart)

\ Cm (Conf €O, st Xg+12350)

anfalls -

vinkel

T al* 4

%

5 'lo

Fig. 61. Key: 1.

3
\ anfalls -
. ' v vinke!
T e B I BT a
\ J"o'

-0l

extermal load.

E—J UV \V)

M
-

Coefficlent of normal force of an aircraft without

. Angle of elevator, 6e = +5°(or -5°)
. Angle of attack, a.
. Coefficient of pitching moment of an aircraft without

an external load (at low speed).

(x mcm A 1 Hoydrodrets verkansomrade i anfallsvinkelomrddet -/0 - +30"
es 12350
s a/ fol 37 b/ ol 35
ey X C
02] 7 P Lo« ! Chreioooo)
Z 100 | -
/ % 3. pa . T
; O'l‘ 7 4 0.1 1 ~25
i . -20
}< e% o
o &t .
-10 2L lelf.’rpgir- -0 ///
10 // o 5
5 % =3 °
o fi & R
‘- §
30543 A=
I0~5=-024 - X2
Fig. 62. Variation of pitching moment in relation to the angle of attack and

the angle of the elevator. o ) )
Key: 1. Effective range of the elevator in relation to the "anglés
of attack ranging from -10° to +30°.

2. xgs = 12350, low

speed.

3. Effect of complete deflection of the elevator at aro + 10°.
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Tt is evident that the elevator retains a certain efficiency also at
wide angles of attack as well as that the elevator of FPL 37 is relatively
more effective than that of FPL 35.

The satisfactory elevator effect of FPL 37 1s a consequence of the de-
mand for its capability to fly at low speed. In order to avold too great
sensitivity of the elevator when flying at high speed, the steering mecha-
nism has been designed with a variable gear, which automatlcally regulates
the interaction between the shift lever and the elevator as a function of
altitude and mach number.

2.13 Effect of the Elevator in Association with the Ground Interference

Just like the lifting force on the wing is affected by the presence of
the ground due to the angle of attack, the 1ift is also affected by the
force exerted by the elevator. The change in elevator effect due to ground
interference cannot be ignored in the case of FPL 37. It magnitude is
shown in Fig. 63. At an increasing angle of attack, attenuation occurs
sooner because of the large increase in lifting power. Thls means that

1s attained at a narrower angle of attack and results in that a
large portion of the improvement in the elevator effect 1s lost at ca. 15°
angle of attack like illustrated in Fig. 63.

The total effect of the ground

Teliskot 4l
h“:;’;"”;;’;{jﬁxﬁ flag interference on the normal force, the
{ ACy pltching moment and the efflciency of
02. (V'éd ocn0) 3 the elevator leads to that the angle
iy ) ) . rodervinie! of attack and the angle of the ele-
P \’5' Sio - T e vator, necessary for trimming, will
~024 N, change. How large this change will
—04: T~a be can be seen from Fig. 64, where
- T . it is also possible to make a com-

parison with FPL 35.
Fig. 63. Key: 1. Addition to the co-
efficient of normal force due to
deflection of the elevator.
2. (at o = 0); 3. Elevator angle.
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Fig. 64. Effect of the distance to the ground lével on the angle of attack

and the elevator angle for the purpose of trimming.
Key: 1. Main landing gear in contact with the ground.

Pitch Damping, Dynamic Longltudinal Stability

2. Angle of attack, a

3. Angle of attack at constant 1i1ft, Ao =
. Distance to the ground level.

. Angle of elevator,

at constant speed)

~ (oA 07 I =g

1lift.

6e‘

3°).

5°, tor Aa =

. Change in angle of the elevator (for trimming the aircraft

. Change in the angle of the elevator at constant speed and

A damped or dynamically stable alrcraft tries constantly to resume its

an excessive deflection of the rudder or "kytt" [flutter?]) or 1s made to
rotate around some of its axes, e.g., the pitching axis.

From an aerodynamic point of view a measure of pitch dampling constitutes
the sume of two additional pitching moments, superimposed on the contribution

i equilibrium even though the plane is subjected to a sudden disturbance (e.g.,
|
|

to the pltching moment due to the angle of attack.
can be defined as follows (Fig. 65):
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Fig. 65. 1. Cmq = actual pitch damping; for an explanation, see the figure.

Key: 1.
2.

3.

(pitch~down moment), .
Contribution of the pitc moment in proportion to the

speed of rotation.

Rotation a the angular speed of q°/sec (i.e., radians/sec.).
The angular speed is usually made non-dimensional by division
of 2V/c (where V = the speed, ¢ = the reference chord).
Contribution of the angle of attack when golng upward varies
linearily in relation to the distance from the point of
gravity (TP).

Bow of the aircraft.

Condition: for satisfactory damping of the aircraft: Cmq + Cma
must be negative (or, for aircrafts of the 37 class of

the magnitude = 1.0).

TP = point of gravity.

Tail.

2. Cng, = Contribution fram the pitching moment due to effects of

time delay when the angle of attach is rapidly changing. In

the case of FPL 37, this can be exanrplified by that the
interference load of the vortex system of the canard does not
instantly "catch up" when the angle of attachk is rapldly changed.
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Both these contributions are negative as far as FPL 37 is concerned
(pull-out and an increase in the angle of attack both contribute to a pitch-
down moment). Thanks to the fact that the canard and the wing are wldely
separated lontitudinally the attenuation is more satisfactory than in the
case of a delta-winged aircraft. The former contribution (C"kl) domlnates
over the latter (Cm&); (for FPL 37 the Cmq = -1.25 at low speed, while

Cng = -0.452)

The variation in pitch damping in relation to the angle of attack at
low speed 1is evident from Fig. 66. The Cmq diminishes considerably in con-

nection with the collapse of the flow at high angles of attack. The Cma
contribution can usually be ignored at wide angles of attack (more than

4oe).

Lepdampningens bdda delbidrag /56
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Fig. 66. Joint partial contributions to the pitch damping as a
function of the angle of attack; FPL 37.
Key: 1. Low speed. 2. Angle of attack, a.

In the case of a conventional aircraft with a stabilizer, the latter
1s responsible for a major portion of the damping. For comparison, the
aerodynamic damping at low speed of FPLs 37, 35 and 32 as well as that of
two foreign alrcrafts 1s shown below. All display adequate damping charac-

teristics.
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FPL Cng = Ce Sper Crar

37 -1.7 46 m 7.4 m
35 -1.1 50 m° 5.319 m
3P —2.08 37.4 3.1 m
F-4, the Phantom -3.3 49,2 m° 4,88 m
the Mirage ~1.4 3 5.27 m

Note: q and & are standardized in the table via the equations:
- = 3¢ - 2 4c
3= and &= W

The attenuation is slighty affected by the ground interference and ex-
ternal loads. However, in practice this can be lgnored.

3. DRAG AT LOW SPEED

3.1 Drag on an Untrimmed Aircraft

Tt is customary when comparing performance, etc., to make use of the
wind-related system, i.e., we speak of drag and 1lift instead of tangential
and normal forces, respectively. In general, the drag on an aircraft can be
distinguished into one part, independent of the angle of attack (1.e., the
minimm or zero drag), and another part, dependent on the 1ift (angle of
attack), i.e., the so-called induced drag. This is valid for wind-related
systems. We demonstrated already in Fig. 29 how the induced drag depends on
and angle of attack (or the lifting force). The distinction into zero drag
and induced drag is explained in Fig. 67.

motstorndsloeff. 1 /57
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Fig. 67. (Key see p. 80).
79



Key to Fig. 67:

1. Drag coefficient. 5. Angle of attack, a.
2. (wind-related system) 6. Lift coefficient.
3. Drag induced (by 1lift).

4, Zero drag.

2‘
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The induced drag has two typical characteristics:

It increases considerably more in relation to tha angle of attack than
what 1ift does. The dependency is approximately quadrangular at normal
angles of attack. This can be written:
2 2
=k« C or =Kk . .
“, L Cp,
This is a simplification of the more camplete expression of induced
drag which is:

2
Cpy =k € + k0 + Ky
1
where Kkj . : (ellintic factor
. (the aspect ratio)-(the elliptic factor, e) e = 1 corres-

ponding to elliptic

distribution of
the load.

The induced drag grows larger, the smaller the aspect ratio of the
aircraft is; see. Fig. 68. Sharp-edged and thin wings are also un-
favorable.
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Fig. 68. Key: 1. Major (minor) aspect ratio, v2/S
2. Sharp ...
3 rounded leading edge.




High-level induced drag is typical of modern supersonic aircrafts. A
useful side effect appears in that it is possible to quickly retard the
plane in certain situations by increasing the angle of attack. This pro-
perty can be utilized in tactical situations and in connection with the
landing in order to abbreviate the distance rolled (i.e., AD-braking) .
The performance when turning and in respect to durability are, however,
strongly dependent on the magnitude of the induced drag. Therefore great
efforts are made when designing an aircraft in order to keep the induced
drag at a minimm. This applies also to FPL 37.

A basic principle is that the distribution of load must be elliptic
in order to produced the least possible drag. This is in principle demon-
strated in Fig. 69.

Co 1

ojémn

lipti
elup |§l¢
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. - ]

Fig. 69. The Effect of the distribution of load on the drag.
Key: 1. Uneven.
2. Elliptic.

A trapezoidal wing with a large aspect ratio has a load distribution which
is rather similar to that of an ideal load distribution. However, the mutual
interference between two airfoils placed in a tandem formation makes it more
difficult to achleve an ideal distribution. We can apply, e€.g., torsion of
the wing, local changes in planar shape or cambering (bending down) of the
leading edge as methods for affecting the appearance of the load distribution
at a given angle of attack.

3.2 Drag During Trimmed Flight

So far we have studled a case where all deflections of the elevators and

£1
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the flaps equal zero. A correlation between the elevator angle and the drag
can be obtained in a manner similar to that used for the angle of attack
while using the formula

2

ACD (elevator) = k - 6¢
where 6e = the deflection of the elevator in degrees or some other angular
measure and Cp (elevator) = the contribution of drag due to the deflection

of the elevator.

At narrow angles of attack the additional drag is practically equal to
zero. At wider angles of attack the elevator tends to "flow along'. The
least amount of elevator drag occurs during small deflections upward (1.e.,
a weakly negative ée) .

Since the angle of attack when flying is in a balanced condition (=
trimmed flight) increases approximately in proportion to the angle of the
elevator (if the zero moment = 0), the drag due to trimming can be illus-
trated as in Fig. 70:

R 2 .

Tillsleot! +ill motstcndslcoe:
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vmice/
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Fig. 70. Key: 1. Elevator angle necessary for balancing the aircraft.
2. Contribution to the coefficlent of drag due to the

deflection of the elevator, &

trim
In the case of aircrafts with a large, positive zero moment the minimum /59
of the drag due to trimming is displaced toward wider angles of attack. FPL
37 shows at 30° deflection of the canard flap the least amount of drag due
to trimming by the elevator when the angle of attack is about 15°. There 1is
instead a corresponding addition to the drag caused by the flap of the canard.
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Trimming while utilizing two surfaces instead of a single one can be applied
in order to reduce the total drag; see Fig. 71 below.
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Fig. 71. Key: 1. Drag coefficient.

1
2. Iift coefficlent.
3. Trimed drag.
i, Drag during trimming by means of :ACD » only the elevator on
5. Drag of an untrimmed alrcraft. e  the trailing edge
ACD -~ (combinatlion of canard
ACDék flap and tralling edge
6e | jelevator

This method can also be used when landing FPL 37.

3.3 Induction of Induced Drag by Cambering

The induced drag can be reduced by cambering or bending down the leading

edge of the aircraft. The principle is evident from Fig. 72.
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Key to Fig. 72:

1. Flat wing. 4, Cambered wing.
2. Resulting 1ift. 5. Forward-directed 1ift component of
3. Distribution of load (1lift). wing with a canbered leading edge.
6. Effect on the drag of a cambered
leading edge.

The same characteristic is utilized as that which makes a rounded leading
edge more favorable than a sharp one, i.e., the possibility for utilizing
the lower pressure on the upper surface of the wing in order to reduce drag.

Due to the camber the high rate of suction power on the upper surface
near the leading edge, caused by the air flow around it, will act upon a
surface sloping forward against the direction of the air flow. The result
is a forward-directed component of the lift.

/60

The cambering principle is applied for the leading edge of the canard
and the outer portion of the sawtoothed leading edge of the wing. Due to
the fact that, in general, the elevator angle for trimming the plane during
straight-line flight (in order to achieve the most favorable extension)
amounts to a few degrees below zero (elevator deflected upward), the camber
is reduced toward the wing tip close to the trailing edge elevator.

Induced drag does not come entirely without cost. The total drag at a
given angle of attack becomes somewhat lower.

Another disadvantage is that the cambering of the leading edge causes
a minor increase of the zero drag, which is, however, more than compensated
for by the gain in drag at wider angles of attack such as used during
landing and when maneuvering with heavy load factors. In the case of FPL 37
advantages from the point of view of longitudinal stabllity were also gained
as a side effect of the increased drag.

3.4 Drag and Tractive Force — Flying in the "Second Regime"

The relation between traction and drag in the case of an alrcraft of a
type like FPL 37 is illustrated in Fig. 73.
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Flg. 73. Drag and traction in the first and second regines.
Key: 1. Traction, F (drag, D).

2. Increased drag in relation to reduced speed
due to increased angle of attack (increased
1nduced drag).

The increase in relation to increased speed
depends on the increase in dynamic pressure.
Second regine.

. First regime.

Trajectory velocity, V.

. Angle of attack, a.

oVl = W
] L] L]

Tt has been demonstrated that in the case of an alrcraft with a high level
of induced drag it is feasible to get down to such a low speed that the in-
duced drag begins to grow in relation to the decreasing speed. Such aviation
in the second reglme proved to be a problem in connectlon with the work
when planning for FPL 37, where the stringent demands on low flying speed
were adament.

The risk for unintentionally slowing down too much increased. An In- /61
stability developed which resulted in that tampering with the speed in con-
nection with a change in trimming led to further interference with the speed.
In order to counteract this kind of speed instabllity in the second regime,
automatic speed control (AFK) was introduced for FPL 37. Due to this flying
becomes considerably easier at the low speed which the shape and the high
rate of traction permit.

85



4. THE ATRCRAFT IN RELATION TO AN OBLIQUE ATR FLOW, ASYMMETRIC FORCES
AND MOMENTS: YAW RESISTANCE AND RUDDER EFFECT

4,1 General - Definition of Asymetric Forces and Moments

So far only symmetric flight conditions have been studied, i.e., flying
without encountering an obliquely directed air flow (straight-line flying).
Now we shall consider the forces and moments which affect an airplane in
the case of an obliquely approaching air flow (flying in an oblique air flow
and banking). The efficiency of the tail fin in the case of an oblique
air flow and the resistance to yawing will be treated in addition to the
forces acting upon the wings when in an oblique air flow as well as the
effect on the side rudder and the allerons.

We shall start by defining the forces amd moments preeent due to an
oblique air flow.

angle of oblique

air flow

component force

rolling mament

yawing moment

nos component force
affecting the
bow

C = camponent force

fena . efecting the
tail fin

V = speed of free
flow

Key: 1. directlon

of air flow

ZrraQ w
nowon

Q

1

Sraes =>
f;lj;fnj

Fig. T74.

When encountering an oblique air flow (at lateral angle g) component
forces act on the bow and the tail fin in the same marmer as on the bow and
the wing when flying at an angle of attack. The component forces create a
yawing moment (N) around the point of gravity. In addition the disturbance
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of the 1ift above the wing becomes asymmetrical at the combined angles of
attack and an obliquely approaching alr flow. Usually the 1ift of the
windward wing tends to increase due to an increased oblique air flow while
the leeward wing loses about equally much 1ift. The normal force (or 1ift)
does not change substantially; on the other hand a considerable rolling
moment (L) of the aircraft develops. Non-dimensional coefficients can be
used in the same manner as in the case of symmetric forces and moments:

CC = a% = coefficient of component force,
_ N = . .

Cn = b coefficient of the yawing mament,
= _L =

C1 = & coefficient of the rolling moment,

where q = dynamic pressure, S = reference surface (wing surface) and b =
the wing span.
As far as FPL 37 is concerned we use b = 10.0.m and S = 46.0 m?. The

fuselage-related as well as the wind-related systems can be used in the same

marmer as in the case of symmetric force coefficients. Below we will pri-
marily consider derivatives and coefficients of the fuselage-related
system. The variation in relation to an oblique air flow at an angle of B
is illustrated in Fig. 75.
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Fig. 75. Key: 1. Coefficient of component force.
2. Coefficient of rolling moment.
3. Coefficient of yawing moment.

I, Iateral angle, B.
5. Fuselage-related system (in wind-related systems the

rolling moment is written CLS and the yawing moment Cns)
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Tt is evident fram Fig. 75 that all the three coefficients are approxi-
mately linearily dependent on the angle 8 (up to 10°) of the oblique air
flow. The gradients of the graphs are therefore often used as a measure
of the sensitivity of the side force, the rolling and the yawing moments
in relation to an oblique air flow.

The gradients are called: the component force derivative, CC ,
the rolling moment derlvative, Cla » and
the yawing moment derivative, G g
(CcB = 1 corresponds to the case where the component force coefficient
increases by 1 in relation to an increase of ! radians of oblique air flow).

These magnitudes will be used for the following reasoning.

4.2 Component Force, Efficiency of the Tail Fin Depending on the Inter-
ference between Fuselage and Wing

a) General

As a rule an ailrcraft shall be able to tolerate an oblique air flow from
various angles during maneuvering as well as sudden side gusts when landing.
Tt must therefore have resistance to yawing (have yaw stability), i.e., it
must be able to counteract the tendency to veer sideward when the air flows
in from the side (i.e., it should have "wind vane stability"). At an oblique
alr flow a side force develops on the fuselage, the result of which attacks /63
close to the bow far ahead of the point of gravity and, consequently, pro-
duces a powerful, destabilizing yawing moment.

In order to counteract this phenamenon, all alrcrafts are provided with
one or more tall fins (vertical airfoils placed behind the point of gravity)
which deliver an adequate contribution to the yawing moment in order to com-
pensate for the destabilizing effect on the bow.

When designing modern aircrafts, great efforts are spent on making the
tail fin as effective as possible.(i.e., able to provide adequate yaw resis-
tance across the entire range of angles of attack and oblique air flows at
all speeds occurring) by using a tall fin surface as small as possible and
of minimum weight.
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In respect to FPL 37 the dimensioning of the tail fin presented addi-
tional problems because, in addition to the interference of the fuselage
on the tail fin, there is a very complicated interaction between the wing,
the canard and the tail fin. In order to explain this, we will below report
on the most important contributions to the camponent forces affecting the
tail fin. These are decisive for the efficiency of the tail fin and, thus,
the yaw resistance.

Tt 1s of interest to avold unnecessarily long fuselages for modern air-
crafts. Therefore the distance between the tail fin and the point of
gravity must be limited. Since the volume of the tail cannot be reduced
this means a larger tall fin; compare, e.g., the abnormally large tall fin
of the MRCA. The contribution of the component force acting on the tall
fin dominates, thus, in comparison with other contributions, among which
that of the fuselage bow 1s, in general, the next largest. In addition
to these contributions, there are also others which, however, can be ignored
at narrow angles of attack.

The component force acting on the tail fin in the case of an oblique
air flow corresponds to the 1ift acting on a wing at angles of attack. If
we ignore special, interfering effects, the side force affecting the tail
fin will therefore depend on the aspect ratio, the trapezoidal ratio and
the sweep-back angle in addition to the slde force acting on the tail fin.
Due to the mirror effect, active on the wing surface, the effective
aspect ratio is increased and the interfering load of the tall fin, acting on
fuselage, is likewise increased.

The picture of the circulation around the tail fin is, however, not as
simple as that around the wing, which mainly encounters angles of attack
varying in the direction of the span in a simple manner or even considered
constant over large portions of the wing span.

In the case of an airflow consisting of direct angles of attack and an
oblique airflow considerable effects of interference from the wing (in
respect to FPL from the canard as well) and the bow of the fuselage develop,
especially at large angles of attack. These contributions are particularly
important for modern, slender aircrafts and, perhaps especlally, for delta-
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winged aircrafts. Therefore we shall treat these interfering effects in
detail.

b) Wing/Tail Fin Interference Due to an Oblique Air Flow; Principle.

The principle governing the development of a component force due to
wing/tall fin interference is evident from Fig. 76.
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Fig. 76. Key: 1. 8 = O (straight-line flying)
2. The "wing vortices" are symmetrically deteched.
3. In an oblique airflow
. Result: non-linear oblique alr flow affecting the tail fin.
5. 8 (local).

The illustration of the flow above the wing has been coarsely simplified (in
conformity with the previous reasoning) into one single pair of separating
vortices.

Due to the oblique air flow the vortex above the windward wing passes
close to the tall fin, while the distance between the tail fin and the leeward
vortex increases. The distribution of the transverse flow caused by the
windward vortex will not be completely neutralized by that of the leeward one
like in the case of symmetric flow. The result 1s a distribution of side-
sweep, induced by the vortices and superimposed on the basic,oblique flow.
This effect is accentuated when the force of the vortices increases in rela-
tion to increasing angles of attack.

The additional side sweep causes a force, the resulting size of which
depends on at what vertical level the wing vortices pass the rear of the
fuselage and the tail fin as well as on the potency of the side-sweep. The
effect of the vortex passage in an oblique air flow is evident from Fig.

e
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Fig. 77. Passage of the wing vortices past the tail fin; effect at an oblique
air flow.
Key: 1. Low level passage.

Locally increased oblique alr flow.

Iocally decreased oblique air flow.
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A low-level passage of the vortex causes the contribution of the increased
side-sweep to dominate above the line of vortices. The camponant effect resul-
ting on the tail fin increases and, thus, the efficiency of the tail fin as
well. At a more elevated passage of the vortices, the condition is the oppo-
site: the efficiency of the tail fin is diminished. This 1s a well known
phenomenon and is the reason why aircrafts with the wings in a raised posi-
tion are constructed with larger tail fins than corresponding planes with the
wings at a lower position (Fig. 78). (What is stated here 1s also analogi~
cally valid if instead of a single vortex a layer of vortices is assumed.)

Hercules

Fig. T78.

If we use a conventional aircraft with the wings at a median position
for comparison and assume that the surface of its tail fin equals 1, a higher-

o1
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level position of the wings means that the tail fin surface must be Increased
by 1.3 - 1.4 in order to obtain the same resistance to yawing. In reverse,

a 0.9 - 0.8 tail-fin surface will be adequate for a plane with the wings

at a low-level position.

Consequently, the placement of the main wing on FPL 37 helps to keep
the size of the tall fin down. The fact that FPL 37 still has a relatively
large tail fin depends, among others, on the condition that it must be effi-
clent throughout the entire range of attack and speed both when flying as
a plane without an external load and a plane with a bulky extermal load,
placed far forward.

¢) Interference between the Bow of the Fuselage and the Tail Fin; Principle

The reasaning concerning the interference between the vortices and the
tall fin can also be applied, e.g., to the interference between the fuselage
and the tail fin and that between the air intake and the tall fin. Since
the starting point of the fuselage vortices lies further away from the tall
fin, the effects of straight and oblique alr flows will become more obvious.
Under unfavorable circumstances, the windward vortex can come to pass on the
leeward side of the tail fin with drastic changes in component force as a
consequence. One way to impede this phenomenon is, - like 1n the case of
FPL 37, - to have wide air intakes, which can "take care" of the vortlces
generated by the bow of the fuselage so that the vortex system resulting
will be moved farther away from the tall fin.

4.3 Companent Force and Variation in Yawing Moment in Relation to the
Angle of an Oblique Alr Flow

The contributions of the camponent force and their addition to the yawing
moment are evident from Fig. 79.

To a certain extent the relationship between the contributions concermed /66
depends on the design of the aircraft. In respect to FPL 37, the angles of
attack play. a major role. The effect of the tail fin at large angles of an
oblique air flow will be discussed farther below.
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4.4 Component Force and Variation in the Yawing Moment in Relation to
the Angle of Attack; Wing/Tail Fin Interference.

Effect
The interference between the wing and the taill fin described above has
largely the following effect (Fig. 80):
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Fig. 80. Key: 1. slope of component force graph; 2. (a measure of the efficiency
of the tail fin; 3. wings at a low level; 4. wings at a high level; 5.
angle of attack; 6. slope of yawing moment coefficient graph; 7. wing-
position: high (low); 8. cause of interference between wing and tail fin.
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The dependency on the angles of attack is intimately r€lated to the
passage of the fuselage-generated and the wing-generated vortices around
the tail fin. It is also related to the height of the tail fin and its
position longltudinally in relation to the wing. The figure above (Fig. 80)
is approximately valid for a design like that of FPL 37. It is evident that
the interfering effects are strongest in relation to the yawing moment
since the contributions from the bow of the fuselage and the tall fin counter-
act each other.

4,5 Effect of Tall Fin at Wide Angles of Attack

The interference between the bow of the fuselage and the wing affects
the efficiency of the tail fin at wide angles of attack. In addition, at
wide angles of attack, the contribution from the tail fin itself 1s also
affected by "shading" and because of the fact that its effective sweep-back
increases. The shadow-effect leads at positive angles of attack to a de-
creased effect of the tail fin, while the contribution from the fuselage
becomes more daminant. During the separation of the wing (flow collapse)
the shading effect increases. The large and sudden changes in the yaw
resistance often met with at this kind of angles of attack depend on a cam-
bination of increased shading and the fact that the vortex on the windward
side changes position.

4.6 Effects of Tail Fin at Wide Angles of An Oblique Air Flow - Measures
Toward Increasing the g8 Maximum of the Tail Fin

The effect of the tail fin at large angles of an oblique alr flow can
be compared with the dependency of the wing on the 1ift at large angles of
attack. The contributions of the wing and the fuselage can be compared with
those of the bow of the fuselage and that of the tail fin according to Fig.
81.

The balance between the load on the bow of the fuselage and that on the /67
tai1 1s, however, more delicate than the corresponding equilibrium between
the bow of the fuselage and the wings. By constructing tail fins with a
large sweep-back, the separation at the leading edge can be utilized also in
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Fig. 8l. Key: 1. Coefficlent of camponent force.
2. Contribution of the taill fin (attacks behind
the point of gravity of the aircraft).
3. Note! Non-linear increase in relation to B.
i, Contribution of the frontal portion of the
fuselage (attacks in front of the point of

gravity).
5. Angle, B, of oblique air flow.

in this case; it delays the saturatlon tendency of the tail fin force at a
wide 8 and "matches", thus, more satisfactorily the contribution from the
bow of the fuselage (cf. especially FPL 35 with a ca. 70° sweep-back) .
Special measures had to be taken In respect to FPL 37 with a 50° sweep—
back of its tall fin (designed in order to increase the relative position
in height in relation to the vortices generated by the canard and the fuse-
lage) in order to maintain the satisfactory efficiency of the tail fin. A
stable flow, separated by the leading edge, does not exist within such a
large angular area of oblique flow as, e.g., in the case of the canard and
the wing of FPL 37.

A large contribution from the tail fin itself at large angles can also
be achleved by aiming at a relatively low aspect ratio (especially ratios
around 1 produce large lift maximums). However, this rarely allows a favor-
able utilization of the fuselage/tail fin or the wing/tail fin interferences.
Therefore much testing and compromizing hide behind the choice of the tail
fin design of modem fighter aircrafts.

There are several ways of improving the effect of tail fins of the type
used for FPL 37, especially at wide angles of 8.

Examples are: the introduction of vortex dividers or providing the tall
fin with a forward prolongation at 1lts base (a so-called dorsal fin).
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Figure 82 illustrates some different measures used for improving the
component forces and their effects.
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Fig. 82. Key: Contribution to the coefficient of the component force

1.
from the tail fin.

2. ACc (tail fin).

3. With / Without (a notch).

L, ... a sawtooth.

5. . & dorsal fin.

The effect of the "dorsal fin" is due to the fact that an increased up-
sweep over the upper portion of the tail fin is created by a flow type, re-
sembling a vortex, at the same time as it is possible to prevent the boundary
layer of the fuselage from disturbing the flow around the tall fin by a
favorable design of the tail fin. It is a disadvantage that the attack point
of the component force is moved forward so that the yaw moment is lost. Thus,
in practice, the efficiency of the tail fin 1s reduced at narrow angles of
an oblique air flow. In addition, the changed design of the tail fin affects
the interference between wing and tail fin as well as that between the bow
of the fuselage and the tail fin.

4,7 Efficlency of the Tail Fin of FPL 37 - Effect Exerted by the Canard

The interaction between the bow of the fuselage, the canard and the wing
of FPL 37 has been utilized in order to create yaw resistance up to wide
angles of attack and obliquely approaching air flows. The canard/tall fin
interference dominates among the interactive contributions in respect to
FPL 37 due to the fact that the vortices generated by the canard pass close
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to the tail fin. Since the elevated position of the canard vortices 1s
forced down by the vortices generated by the main wing, the yaw resistance
is hardly at all disturbed by the canard.

If this interaction did not exist, the relatively elevated posltion of
the canard on this aircraft would be unfavorable. How delicate this inter-
action is for the interference can be demonstrated by the improvement in
the effect of the tail fin, achieved by a reduction in the V-position of the
canard from +10° on the test plane to 0° on the serialized plane. The
V-position was introduced at a stage of the project when air jet flaps were
st11l valid and constituted one method for achieving an acceptable longitudinal
stability. When the slotted flap was accepted, the necessity for holding on
to the V-position for the sake of longltudinal stability disappeared. There-
fore the V-position was abandoned when, for the sake of yaw resistance, it
became necessary to improve the efficlency of the taill fin of the aircraft.

Fig. 83. Key: see p. 98
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Key to. Fig. 83:

1. The vertical position of the canard for the passage of the tall fin
depends on the v-position and the balance between the force of the
vortices of the canard and the main wing, respectively.

2. V-position, 10°.

3. The interference between the canard and the wing of FPL 37 provides
this configuration with a favorable yaw resistance at wide angles of
attack.

4, The canard vortices pass the tall fin at a low positlon also at
wide angles of attack.

5. The vortices generated by the wing "press down" those generated by
the canard.

4.8 Asymmetric Forces During Extreme Angles of Attack and Symmetric /69
Oblique Air Flow

Component forces constitute a speclal effect pertaining to slender air-
crafts and occurring at very wide angles of attack and an oblique airflow at
0°. Due to the mutual interference between the vortex layers of the fuse-
lage and the canard, an unstable equilibrium occurs at a certain range of
angles of attack. See Fig. 8U4. One vortex layer (of the fuselage) affects
the other so that the layers came to assume an asyrmetric position, one
farther away from the fuselage than the other. The result is that a component

a) 1 - -

b) | Kroppsnosvirveiskiktens
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stora anfallsvinkiar ]

2 mg > 23nd >
N
. \
&Y S \
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avgling
Kropps-

ledikera O Fig. 84. Key: 1. The detachment of the fuse-
lage vortices at moderate and wilde
i} angles of attack.
2. Wind.
3. Moderate o, symmetric separation.
I, Wide o, asynmetric separation.
5. Right-hand and left-hand assymetry, respectively.
6. Body strake.
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force s induced on the fuselage and the tall fin. The wing as well 1s sub-~
jected to asymmetric forces. Asymmetry at angles of attack between U40° and
80° occurs in the case of FPL 37. The alternation between left-hand and
right-hand asymmetry gives rise to changes in the load on the tail fin
when entering into a stall accompanied by a high load factor and assoclated
with periodic separation of the flow close to the tip of the tail fin.
Changes in load, occurring within a narrow range of angels of attack around
+40°, make themselves felt so that the tall fin starts to flutter. This 1s

not critical although such a state of flight should be avoided. The charac-
teristics of the component force have been measured in a wind tunnel (Fig. £5).
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Flg. 85. Key: 1. Nominal gradient; 2. asymmetry caused by asymmetric
detachment of fuselage vortices, 3. 1 and 2 = two dif-
ferent tests made with the same model.

Such a disturbance occurs at positive as well as negative angles of attack
and varied in an arbitrary mamer during the wind tunnel experiments be-

tween dextral and sinistral asymmetry. The asymmetry has been "remedied"
by placing body strakes on the sides of the fuselage of forelgn aircrafts.

4.9 Characteristics of the Conponent Force and the Yawing Moment of FPL 37

at Low Speed

The derivative of the component force at low speed has the following
appearance 1n respect to FPL 37 according to Fig. 86.
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Fig. 86. Key: 1. a) Characteristics of the component force of FPL 37 and

Figure 86 illustrates also how the component force C, varies in relation

FPL 35.

2. Gradlent (per radian of 8) of the coefficient of the
component force.

. Landing configuration (conf. L.)

. Aircraft without external load (conf. CO)
. Aero component force.
. Angle of attack.

. Effect of asymmetric detachment of fuselage vortices.
. b) The linearity of the Cc graph at wide angles of

an oblique air flow.
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. Result :Great non-linearities at positive angles of

to the angle of oblique air flow, B, at some wide angles of attack. The reduc-

tion in CC
B
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mainly on the fact that the tail fin was "in the shadow". It 1s evident from
the figure that the tail fin is most efficient at negative angles of attack.

The high level of component force during start and landing is caused
mainly due to the effect of the landing gear. An increase in component
force of a simllar magnitude is present when the aircraft flies with external
armament. The most powerful component force occurs when an extra fuel
tank is mounted on girder C 7 (i.e., is centrally positioned) and there are
external loads at other girder positions as well.

b) Yawing Moment

3 TP-variation

1 2 nosvinge-

uttagbar kiaffvinkel

anfallsvinkel

7 rodervinkel

instromningstal

5 6

yttre last landstall

Fig. 87. Factors affecting the magnitude of the yawing moment.
Key: 1. Angle of attack applicable.
2. Flap of canard.
3. Variation in the point of gravity.
k., Air intake factor.
5. External load.
6. Landing gear.
7. Angle of alleron.

The size of the tail fin and, thus, also the level of the yaw resistance of
FPL 37 are determined so that the actual requirements on the speclflcations for
flight characteristics of mllitary alrerafts shall be fulfilled. The destabi-
1lizing factors which must be controlled while retaining the standards of yaw

resistance are:
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an external load, mounted on the fuselage;
effects of interference between wing and tail fin, aileron
and tail fin as well as flap and tall finj and
0 high air intake factors (in analogy with the case of the pitching
moment ) .

The aircraft must also be resistant to yawing up to the widest angles
of attack occuring. Other requirements dimensioning the yaw resistance of
an aircraft are:

o) acceptable yaw resistance at high supersonic speed;

o a margin for effects on the yaw resistance at trans-sonic speed; and

o) acceptable maximum oblique . air flow when banking within the entire
range of speed.

Tt is therefore difficult to determine the final dimensioning value during

the design stage. Series of alterations of the tail fin design of well known
alrerafts illustrate that mistakes occur easily. Experience shows that, in
general, a C ng of the magnitude 0.10 - 0.15 for the basic ailrcraft is a
suitable value. This is what approximately distinguishes the 37 configura-
tion.

An additional demand on FPL 37 (which is able to fly at very low speed)
is that it must mester the wide angles of oblique airflow (up to 20°) which
can occur in combination with wide angles of attack. Among the three princi-
pal methods used for improving the efficilency of the tail fin, i.e.:

an increase in the camponent force contribution of the tall fin;
an increase in the moment of the tail fin; and
a utilization in the most favorable marmer of the interference
effect,
the last possibility has been selected for FPL 37 especially in ‘order
to limit the volume of the tail fin and, thus, reduce its weight and drag.

This has resulted in a relatively tall tail fin with a moderate aspect
ratio and a moderate sweep-back of its leading edge. Due to the fact that
the vortex system of the canard is forced by that of the wing to pass the
tail fin at a low level (cf. above), a favorable yaw resistance is obtained -
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at wide angles of attack as well. The inportance of the interference 1s shown,
among others, by the fact that moving the tail fin rearward certainly pro-
vided more leverage but gave also rise to a more elevated passage of the
canard vortices, i.e., to a collapse of the yaw resistance at wide angles

of attack. The present position and shape of the tail fin has resulted in
the most satisfactory coampromise in this respect.

As far as the training version of FPL 37 1s concermed, it became neces-—
sary to increase the efficlency of the tail fin following the testing. This
was acconplished in part by making the tall fin taller, in part by improving
the characteristics of the component force of the tail fin at wide angles
of an oblique air flow by introducing a sawtooth on the leading edge of the
tall fin as well.

The reason for the improvement of the yaw resistance whlch was necessary
for the training version was the unfavorable position of the point of
gravity in combination with the increase in the destabilizing contribution
from the fuselage and the addition of a "DK" hood. The effects were especi-
ally noticeable since this aircraft always flies with an extra fuel tank,
mounted centrally and externally.

The previously mentioned effects of the interference from the canard
as well as the asymmetric properties at wide angles of attack are especially
noticeable in respect to the yaw reslstance (due to the counteractlng con-
tributions from the fuselage and the tail fin).

The yaw resistance at low speed of FPL 37, expressed as CnB’ is 1llus-
trated in Fig. 88. This figure shows also how the yawing mament , C, varies
in relation to the angle, B, of an oblique alr flow at some different
angles of attack.

Contrary to what has been stated concerning the derivative of the compo-
nent force in Fig. 86, the derivative of the yaw resistance is strongly re-
duced in relation to an increasing angle of attack in order to change sign
and become negative at ca. 27°. In part, the yaw instability depends on
the fact that the tail fin is "in the shadow" of the fuselage, the wing and
the canard, in part on the fact that there is interference from the vortices
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Fig. 88. Key: 1. a) Effect of the joint contributions on the total yawing
mcment of FPL 37.
2. Gradient (per radian ) of the graph illustrating the coef-
ficient of the yawing moment.
3. Conf. CO (alrcraft without external load)
. Configuration without a canard.

[cont. p. 105]
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Key to Fig. 88, cont.:

5. In total.
6. Angle of attack.
7. Configuration without a tail fin.

8. b) Characteristics of yaw resistance at wide angles of attack in
respect to FPL 37 and FPL 35.

9. Landing configuration (conf. L).

10. (Low speed, fuselage related system)

11. Aircraft without external load (conf. CO).

12. Zero yawing moment caused by asymmetric detachment of the canard
vortices.

13. c¢) The linearity of the yawing moment at wide angles of oblique
air flow.

14, Coefficient of yawing moment.

15. Air flow approaching from the left.

16. Air flow approaching from the right.

17. Angle of attack, o = O°.

18. Angle of oblique alr flow, 8.

of the canard on the tail fin (the windward vortex "changes side"). At narrow
and moderate angles of attack the vortices of the canard are kept down by
those of the wing. When the flow across the outer portion of the wing starts
to collapse at angles of attack above 25°, the "down-forcing" effect is reduced
which, in analogy with the principle shown in Fig. 77, results in a rapid
deterioration of the yaw resistance. The vortices generated by the bow of

the fuselage are taken care of by the canard and this effect cannot be clearly
distinguished in the case of FPL 37. The contribution of the interference
between the canard and the tail fin is, therefore, the actually dominating
contribution to this rapid deterioration of the stabllity.

The effect of a deflection of the flap of the canard can also be seen
in Fig. 88a. Due to the fact that the total 1ift of the canard Increases,
the force exerted by the vortices of the canard increases at the same time
as their vertical and longitudinal position at the trailing edge of the
canard is altered. At narrow angles of attack the vortices of the canard are
powerful in relation to those of the wing. The "down-forcing" effect of the
main wing will be less prominent and alters, consequently, the yaw resistance
only to a minor extent in respect to an alrcraft without an external load
(the reduction shown is due mainly to the landing gear). At an Increasing
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angle of attack the difference in relative force between the vortices gene-

rated by the canard and those of the wing becomes less marked. The canard

vortices, - the definitely stronger ones, - and their somewhat depressed

position cause the level of yaw resistance to increase in the case of an

alreraft without the flap of the canard deflected. The final break-down

of the yaw resistance occurs more suddenly during the landing configuration

due to the fact that the canard, then more heavily loaded, gives up at a /T4
somewhat lower angle of attack and loses a larger portion of its lifting

power.

The "shadow" effect, mentioned above, is also evident from Fig. 88a,
since an aircraft without external load has a better yaw resistance at
negative angles of attack than at positive ones. The large difference
between an alreraft without an external load and the landing configuration
at wide, negative angles of attack may depend on interference from the
canard, although this has not been fully elucidated. It is, however, of
no practical importance since there 1s no "stationary" flying within that
area.

Tn addition to its large tall fin, FPL 37 is equipped with a small fin
(a "belly-fin") below the tall of the fuselage. Its effect toward im-
proving the yaw resistance is, however, small (onn the same order of magni-
tude as the difference between an aircraft without external load and a
landing configuration at narrow angles of attack). The advantage of the
"belly-fin" is that "shading" can be avolded at wide angles of attack when
the tail fin loses its efficiency.

4,10 Effect of External Load

An external load, mounted on the fuselage of FPL 37 has a generally
detrimental effect on the yaw resistance. In the worst case one half of the
yaw resistance at narrow angles of attack disappears. This depends not only
on the position of the external load in front of the point of gravity and
on the diameter of the frontal portion of the load, but is also a conseguence
of the fact that the belly fin is shaded. This is valid especlally in respect
to equipment alternatives with a centrally mounted tank to be jettisoned.

106



/

2 angrepps| 0
a.ngreppspunkt for ir:‘tgerfzfe:::: for
sidkraft p3 yttre last last—bukfena

{motriktad sidkraften
pd yttre last)

Fig. 89. Key: 1. Point of gravity of the aircraft.

5. Point of attack of the component force on the external
load.

3. Point of attack of the load interfering between the
external load and the belly fin (opposite to the com-
ponent force on the external load).

In that case the entire contribution of the belly fin to the yaw resistance
disappears in the form of interference and, thus, the belly fin is totally
without any function. This depends in part on the mounting of the belly fin
in the "wake" of the extra tank, in part on vortices detached from this

tank at large angles of attack in an obliquely approaching air flow. The /75
local increase in ovlique air flow at the site of the extra equipment, in-
duced by the fuselage, 1s another reason why the external load, mounted on
the fuselage, affects the yaw resistance so powerfully. It 1s also one of
the reasons why equipment, mounted below the wing (i.e., placed behind the
point of gravity of the aircraft) does not result in any major compensation
for the reduction in yaw resistance, caused by the equipment mounted on the
fuselage. The worst case of yaw resistance in respect to all altematives
of AJ-37 is the one where the extra tark is attached to pesition C 7 and
the combat armament to the S 7 girders.
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Fig. 90. Effect of the extra fuel tank én the yaw resistance of FPL 37.
Key: 1. Coefficient of yawing moment (fuselage-related system).
2. a = 16°, alrcraft prepared to land (position of reference
point 12350).
. Without/with an extra tank.
. Angle of oblique air flow, B.
. Contribution lowering the yaw resistance due to the posi-
tion of the extra fuel tank on the fuselage.
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4,11 Yaw Resistance of FPL 37 in Comparisan with that of Other Aircrafts

How does the yaw resistance of FPL 37 compare to that of other, similar
aircrafts? A comparison of the fuselage-related derivative of yaw resistance
in relation to the angle of attack in the case of FPL 37 and some other air-
crafts is illustrated in Fig. 91. Since different magnitudes of reference are
used, the yaw resistance at a zero angle of attack has been standardlzed to

the same value.
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Fig. 91. Yaw resistance of FPL 37 in comparison with that of other alrcrafts.
Key: see p. 109.
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Key to Fig. 91:

1. Gradient (per radian g in a fuselage-related system) of the graph

illustrating the coefficient of the yawing moment.

a) Comparison with same aircrafts with swept-back wings of con-
ventional type.

Stable.

Unstable.

Angle of attack.

b) Comparison with some delta-winged aircrafts.

n

U1 W
. L3 L] .

Evidently FPL retains its yaw resistance wp to wider angles of attack /76
than other types of aircrafts belonging to thecsame class. The fact that
FPL 37 is so superior to B 58 and F 102 depends on that its air intakes and
the root of its wing affect the vortices generated by the fuselage and prevent
them from passing the tall fin at a high level.

4,12 Rudder Effect

The aerodynamlic properties of FPL 37 assure that a satisfactory effect
of the rudder is retained up to wide angles of attack. Fig. 92 illustrates
the effect of the rudder at low speed.

In order to nullify the lateral force resulting from a 20° oblique air
flow, a 10° deflection of the rudder (at 16° anigle of attack and low speed)
is necessary. In reality, this deflection cannot be achieved because a
lateral force is generated by deflecting the alleron (see below). The large
coefficient of the lateral force of FPL 37 in combination with a satisfac—
tory rudder effect makes it feasible to fly at an angle of side slip al-
ready at relatively moderate speeds. This is occasionally spplied during
demenstrations.

4,13 Yaw Damping, Dynamic Yaw Resistance

The dynamic yaw resistance of an alreraft correspands in principle to the
dynamic pitch reslstance although instead the rotation around the vertical /17
axds of the ailrcraft is considered. Iike in the case when attenuating the
pitching, the characteristics of the dynamic yaw resistance can also be dis-
tinguished into two Joint contributlons:
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Fig. 92. Key: 1. Reduced effect of the rudder when the maximm lateral ‘force
of the rudder is.exceeded.

Coefficient of the yawing moment.

. Rudder angle.

Angle of ovligue air flow.

The efficiency characteristic of the rudder at wide angles of
oblique air flow and attack.

Efficiency of the rudder (per radian).

Reduction due to shading of the tall fin.

. MAngle of rudder, 61"'
. Seen from above.

~
24

O O-~IO0V VUlE=WMN

C, (actual yaw damping); and
r

Chs. (contribution due to delaying effects during rapidly altered
g oblique air flow).

Conventions regarding symbols require that the dynamic yaw resistance shall

be written:

C ~-C.»
Dy 7B
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When viewed from the side, an aircraft is dominated by the rudder placed
far behind the point of gravity. Due to this long lever arm, the rudder de-
livers a correspondingly major contribution to Cnr' The contribution from
the bow of the fuselage acts Jjointly with that of the rudder in contrast to
what 1s the case in respect to C“B’ where the contributions of the fuselage
and the rudder counteract each other.

The effects of time delay play a considerably lesser role in the direc-
tion _.of - yawing than that of pitching. In the case of FPL 37, Cné is
only 6 - 7% of the Chpe

The characteristics of yaw damping at low speed of FPL 37 is shown in
Fig. 93.
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Fig. 93. Yaw damping; FPL 37.
Key: 1. Not danped:... 7. Total Cnr: contributions from:
2. Damped:... o the tail fin
3. Contribution from the o the fuselage
fuselage. o interference wing/tail fin
4, Contribution of the o " canard/tail fin
tall fin itself. o " bow/tail fin.
5. Total Cp,. 8. A = contribution of Interference between
6. Contribution from the canard and tail fin to the Gy .

bow of the fuselage. 9. r and B are made non-dimensional
by standardizing them by .half of
the wing span and the speed of free
flow: thus, rb and gb.
v v
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The aerodynamic yaw damping is in the case of FPL 35 ca. 25% lower than
that of FPL 37, because when seen from the side FPL 35 has a more slender
bow and a proportionally lesser surface of its tail fin. FPL 32 has approxi-
mately the same yaw damping properties as FFL 35 (-0.25 in respect to FPL 32
against -0.27 in respect to FPL 35 when expressed as Cnr - Cné)- Conven~
tional delta-winged aircrafts, e.g., the Mirage, belong also to this class.

5. ROLLING MOMENT, ROLL RESISTANCE /78

5.1 General

Roll resistance is of interest in respect to the flight characteristics
of an aircraft, especially concerning its relation to yaw resistance ("dutch
roll" chal"acter'.’Lstics).:L Tt is desirable that the aircraft shall develop in-
creased 1ift of the windward wing in comparison with the leeward one during
an oblique air flow. This corresponds to a negative gradient of the Cl(B)
graph. CF. Figs. 74 and 75. In addition, the roll resistance and the yaw
resistance should be favorably related to each other in order to produce
satisfactory characteristics in the case of a dutch roll. A too great resis-
tance to rolling in cambination with moderate or unsatisfactory yaw resistance
should therefore be avolded.

The main contribution to the roll resistance originates from the wing
and depends, among others, on the planar shape of the wing and its vertical
position in relation to the fuselage.

5.2 Effect of Sweep~back Angle

In the case of an aircraft with swept-back wings, the windward wing has
a lesser sweep-back angle in relation to an oblique air flow and 1s, thus,
less effective when producing 1ift. The opposite condition prevails in
respect to the other wing. The rolling moment induced by the wings is there-
fore strongly dependent on the angle of attack (Fig. 94).

1 5ee also: G. String: "Alrcraft 37, aviation mechanics and flight charac-
teristics."

112



ORICINAL PACZ-L
OF POOR QU AL“V

a/ _ Vingens "ii"aa i1 ,.osé. 55/ Eramkcanipilvinkelns inverkan pd rcl/sinbi/i/eJeA
1_momentet vid Snedanblasmng '

Rolimomentkoetf.

6 Rollmomentkorvars lutning -

C 2 ,,gi‘d-.. per ra dian 3
£ 3 /; Cen ..::1:4;./ _7' o |
& 17
4 antalls- Frapmiaant- o
5 Iien 9 ‘
YY1 *
Is°
ff‘em‘fa tpilvinkel
nﬁ i ?'
12 sneda»blos

Fig. 94. Rey: 1. a) Contribution
of the wing to the
rolling moment at oblique -
air flow.

S I

2. Coefficient of the rolling moment.

3. Angle of oblique air flow.

4, Angle of attack.

6. b) Effect of the sweep-back of the
leading edge on the roll resistance.

7. Gradient per radian B og the graph
of the rolling moment.

7. Unstable/stable

8. Angle of sweep-back.

9. Narrow.

10. Wide.

11. = 8

12. Angle of oblique air
flow.

The larger the sweep-back angle, the more pronounced is the contribution
of the wing to the roll resistance as long as the flow is adhering. The
difference between the effective aspect ratios of the windward and the lee-
ward wings inh an oblique alr flow increases with increased sweep-back.

Tn addition there is also an increased effect due to the "shading" caused
by the fuselage, especially when the wing span is limited; see below. This
is the reason why delta-winged aircrafts as such are very resistant to
spinning so that other tricks must be resorted to in order to decrease the
roll resistance. This is contrary to the case of aircrafts, e.g., like

the HFB Hansa with its wings swept forward for which measures were taken
for increasing the roll resistance among others by providing the wings with
a positive V-shape.

5.3 Effect of Fuselage/Wing Interference /79

A certain stabilizing effect due to the "shading" of the leeward wing
occurs already in the case of a straight-winged aircraft at wide angles of
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an oblique air flow. During normal flight, this contribution is of minor
importance. However, the fuselage exerts a gererally weakening effect
on the contributlion of the sweep-back angle to the roll resistance due to
the fact that the fuselage tends to straighten out the alr flow, 1l.e.,
to reduce the angle of the ohlique flow above the wing.

The most important effect of the fuselage 1s, however, seen in respect
to an upper or a lower position of the wings. The effect is evident from

Fig. 95.
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Fig. 95. Effect on the roll resistance of an upper or a lower position of the

wings.
Key: 1. Oblique air flow at an angle of B.

. high position of the wings.
. Angle of attack.

2. Direction of rolling moment resulting.

3. Wing in an upper position = increased roll resistance.
i, Wing in a lower position = decreased roll resistance.
5. Stable.

6. Unstable.

7. Low ...

8

9

The resulting disturbance of the pressure, caused by the fuselage 1in an
oblique air fiow, furmishes a roll-destabilizing moment when the wings are
placed low down, while wings placed at an elevated position provide a roll-
stabilizing moment. A corresponding difference can also be noticed when the
stabilizer of conventional aircrafts is placed in a lower or an upper pcsi-
tion, respectively.

The contribution of the fuselage/wing interference to the rolling moment
increases at increasing angles of an oblique air flow but is, on the other
hand, relatively independent of the angles of attack at normal angles.
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5.4 Effect of the V-positioning of the Wing

A similar effect like that of an upper or a lower position of the wings
can be achieved by glving the wings a positive or a negative V-position
(Fig. 96).

positiv V-stillning = 2 negativ V-stallning =
= Skad rol/stabilifet = minskead rolistabili{et-

Fig. 96. Effect on the roll resistance of the V-positioning of the
wings.
Key: 1. Positive V-position = increased roll resistance.
2. Negative V-position = decreased roll resistance.

The filed of air flow resulting produces increased 1ift on the windward
wing at a positive V-position just llke an upper position of the wings and,
thus, it delivers a contribution to the roll resistance, the character of
which reminds of the contribution due to the upper position of the wings.

A negative V-position constitutes a frequently applied method toward compen-
sation for the large inherent roll resistance of a strongly swept-back wing
or a delta wing.

5.5 Contribution of the Wing to the Roll Resistance at Wide Angles of Attack

As long as the air flow adheres the roll resistance increases in a
largely linear manner in relation to the angles of attack (just like
the 1ift does). However, as soon as angles of attack near the separation
limit are approached, this trend is broken. In the case of a swept-back-
or a delta-winged aircraft, the windward wing has a tendency to separate
the air flow before the leeward wing does (cf. the variation in pitch—up
14mit in relation to the sweep-back angle). This results in a strong dis-
turbance of the rolling moment. The course of the characteristics of the
angle of attack of the roll resistance calls to mind an inverted characteri-
stic of 1ift. Local "kinks" in the characteristic of the pitching moment
(cf. Flg. 40) can also appear in the form of a disturbance of the rolling
moment and are frequently comsiderably more noticeable as a derangement of
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the rolling moment rather than the pitching moment.
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Fig. 97. Key: 1. a) Characteristic of the roll resistance of an alrcraft at

widé angles of attack.

. Gradient (per radian B) of the graph illustrating the coeffi-

cient of the rolling moment.

. Angle of attack.

. The entire wing detached.

Separation starts at the wing tip (cf. pitch-up of a swept-

back wing or a delta wing).

. Non-linearity of the graph of the rolling moment at beginning

separation of the wing tips. .

. Tp-separation has started (B).

Before tip-separation (A).

oo N Ul =W [\

The variation of the rolling moment in relation to the angle of attack in
an oblique alr flow can then appear like in Fig. 97 b (cf. FPL 35 at a mach ..
number of 0.5 and ca. 15° angle of attack). This is an additlonal reason for
trying to attain a linear graph of the pitching moment , free of kinks, which
is preferable both when an external load is present or not present below the
wings.

5.6 Effect of Ground Interference

The contribution to the roll resistance from the wings of a delta-winged
aireraft is reinforced when close to the ground level. This is noticeable
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in respect to FPL 35 as well as FPL 37 and can affect the characteristics

of a dutch roll of the alrcrafts since the yaw resistance 1s largely un-
affected by the presence of the ground nearby (Fig. 98). When increased due
to the ground interference the roll resistance is associated with an increase
in longltudinal stability as well as an increase in 1lift (ef. section 2.7).

1 instabil C:(ﬂ /81
? \Jd IIm' ?o ::!0__&
2 .Ct'd.bl'/ \ 5 .'. F/qqp/ane* b/fr‘ f‘O//'

s tabilare nar et nallms
markey)

med mar. v/

Fig. 97. Effect of ground interference on the roll resistance.
Key: 1. Stable.

. Unstable.

. Without presence of ground nearby.

. In presence of ground nearby.

Thus, an aircraft is more roll resistant when

approaching the ground.

U = no

5.7 Contribution of the Tail Fin

An oblique air flow approaching the tail fin furnishes a directly de-
stabilizing effect on the rolling mament. Unfortunately -, or, perhaps,
fortunately from the point of view of a dutch roll,- a large portion of the
contribution causing a tail fin/wing interference disappears in the case of
FPL 35 and FPL 37. The low pressure area on the leeward side of the tail
fin will spread out over the wing and results there in a moment reversely
directed to the one which can be directly referred to the suction force of
the tail fin. WVhich of these moments will "dominate" dererds on the con-
figuration (i.e., the size of the tall fin and its longitudinal position
in relation to the wing). As far as FPL 35 and FPL 37 are concerned, the
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interfering moment reduces to a considerable extent the total rolling moment
because of the large wing surface, which is affected by this interference.
The principle 1is illustrated in Flg. 99.
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Fig. 99. Interference between wing and tall “in and between tall fin and wing.
Key: 1. a) Tall fin/wing interference.

. Load distribution on the tail fin during oblique air flow.

. Load distribution (carry-over load) on the wing, induced

by the tail fin.

. b) Wing/tail fin interference.

. Ioad distribution resulting on the tail fin.

Suction force on the upper side of the wing.

Windward wing.

Ieeward wing.

Oblique air flow at an angle of B.

WOV who

There is, in addition, a contribution from the wing and the tail fin which /82

depends on the angle of attack due to the fact that the distribution of the
load above the wing differs ' between the leeward and the windward sides in an
oblique airflow. The vortices generated by the fuselage affect, similarly,
the rolling moment via the tail fin at large angles of attack and an oblique
air flow. Usually the last-mentioned contributions produce a  destabllizing
effect on the rolling moment. The entire contribution from the tail fin to
the rolling moment is small in comparison with that delivered by the wing.

The total contribution to the roll resistance, delivered by the taill fin
of FPL 37 is evident from Fig. 100, both "in respect to a fuselage-related
system and a wind-related one.

Tt is evident from the figure that the canard, too, has a certain effect
on the roll resistance.
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Fig. 100. Contribution of the tail fin to the roll resistance at low speed;
FPL 37.
Key: 1. a) Fuselage-related system.

. Unstable.

. Stable.

Tall fin alone in the presence of a canard.

Tail fin alone without a canard present.

The entire ailrcraft.

b) Wind-related system.

Tall fin alone.....

in the presence of a canard.

without a canard present.

Increasingly large portions of the surface of the tail fin

fall below the roll axis of the aircraft when the angle of

attack widens.

. (Wind-tunnel test TK 1, low speed). Roll axis of fuselage-

related system.
13. Roll axls of wind-related system.

e
HO\OCD\]O\UTJ:UUI\)

5

The contribution from the tall fin depends on how the axial system is
defined. At wide angles of attack the tail fin will be placed below the
roll axis of a wind-related system. The effect of this is 1llustrated in
Fig. 100.
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5.8 Contributions of Stabilizer, Canard, Etc., to the Roll Resistance /83
of FPL 37.

There are additional contributions to the roll resistance of the alrcraft
fram other kinds of its horizontal airfoils. Just lilke an upper position
of the wings produces increased roll resistance, a greater roll reslstance
can be achieved by placing the stabilizer in a ralsed position (e.g., n
a T-tail) in contrast to placing the stabilizer in the conventional low
position. Thus, e.g., the negatlve V-position of the wings of FPL 105 (SK 60)
is a consequence of the fact that the combination of wings in an upper
position plus a T-tail results in a greater roll resistance than desirable
from the point of view of flight characteristics.

The contributions to the roll resistance of the stabilizer and the
canard themselves can be derived in the same mamner as that of the wing.
However, the smaller surface and the shorter extension of the wing span
of the canard make these contributions correspondingly smaller than that
of the wing. In general, interferences between the wing and the stabilizer,
the fuselage and the stabllizer as well as the taill fin and the stabillzer
must also be added and camplicate the course of event.

As far as FPL 37 is concerned, the interference between the canard and
the wing is of interest and of a considerably greater importance than the
contribution fram the canard itself. Because the "leading edge vortices®
of the canard interfere rear-ward with the wing, a distribution of the load
above the wing develops, the result of which is a long lever arm and, thus,
easlly causes extensive rolling moments during changes in the angle of an
oblique air flow. Simultaneously the flow type is stable even at relatively
wide angles of attack Just like we have seen above. Interference from the

canard leads, thus, to that:

o the roll resistance increases strongly in relation to the angle of

attack; and that
o the saturated angle of attack (i.e., the cne where the roll resis-

Vi

tance is at its maximm) becomes wider (just below 30° in the case
of FPL 37).
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The maximum value of the roll resistance is therefore very large. If the
alr circulation around the canard is increased (i.e., its 1ift 1is increased),
e.g., be deflection of its flap, the increase in roll resistance becomes
even further accentuated. Fig. 101 illustrates how the canard and its flap
affect the roll resistance of AJ 37 at low speed.

instobd
1

stabil

Fig. 101. Effect

Key: 1.

3
krogp + vinge + fena

b
kropp +vinge +fena +nosvinge (klaff 0°)

5
kropp + vinge s+ Fena +nasvinge Cllaff & 57)

6 (ref. vindhunelprov Tie 1)

of the canard on the roll resistance of FPL 37.
Unstable.

2. Stable.

w
.

Fuselage + wing + tail fin.

L. Fuselage + wing + tail fin + canard (flap at 0°)
5-
6

Fuselage + wing + tial fin + canard (flap at L5e)
. (ref.: wind tunnel test TK 1).

A review of the different contributions and their relative magnitudes is
" furnished in Fig. 102.

5.9 Camparison Between the Roll Resistance of FPL 37 and That of Other

Alrcrafts

It should be evident fram the discusslon above that a rather considerable

roll resistance is assocttted with the design of the canard, i.e., a large
negative value of Cle exists. In order to "match" this value a satisfactory

pitch resistance at large angles of attack is necessary. Among others, we have
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Fig. 103. Characteristics of the roll resistance of FPL 37 in comparison with

that of other aircrafts.

Key: 1. Cp, (per radian, low speed) T. Fuselage-related system.
2. table. Ref. surface: total wing syrface.
3. Stable. Ref. length: total wing span.
4, Angle of attack.
5. No external load (conf. CO).
6. Landing config. (conf. TO,L).

122



utilized the advantages offered by placing the wing in a low position. It is
evident from Flg. 103 what the roll resistance of FPL 37 looks like in com-
parison with that of other aircrafts with similar performance characteristics.

The linearity of the CI(B) graph (cf. Fig. 83) is more satisfactory in /85
respect to FPL 37 than in the case of both FPL 35 and the Fi. The latter
aircraft displays in particular wnruly rolling moments at angles of attack
above 12°. FPL 35 manages without difficulties up to 15° but at low speed
FPL 37 behaves satisfactorily at angles of attack as wide as 25°.

5.10 Roll Resistance in Relation to External Load

The most noticeable effect results from an external load mounted on the
fuselage, both when it is placed far below the point of gravity of the air-
craft an@ when it acts in the same manner as 1f the position of the wing
was raised in relation to the fuselage. At narrow angles of attack the
latter kind of interference contributed by the armament and the wing domi-
nates. However, at wlde angles of attack this contributions almost dis-
appear and the destabllizing contribution from the external load itself
will determine the magnitude of the additional effect. See Fig. 104,
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6 hopning av vinglagel)
vian y#fc 10~ egeabidruge} vericar rell -
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Fig. 104. Effect on the roll stability of FPL 37 caused by an external load

mounted on the fuselage.
Key: see p. 124.
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Key to Fig. 104:
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Unstable.

Stable.

MAngle of attack.

Contribution to Cq from an external load mounted on the fuselage
(e.g., & tank mounfed on girder C 7, and to be jettisoned).
Interference of an external load, mounted centrally on girder C 7.
Without any external load.

Contribution from the load itself.

Contribution due to interference.

The contribution from the interference is roll-stabilizing (corres—
ponds to an elevation of the wing position).

The contribution from the load itself is roll-destabilizing.

.

when

An external load placed on the wings produces no apparent contribution
it is symetrically mounted. An increase in roll resistance, caused by

interference of the armament on the wing, can be felt only when such a bulky

load

as missile Rb Ol 1is suspended below the wing. Just like the contri-

bution from the wing itself, this contribution due to interference depends

on the angle of attack (Fig. 105).

Tillskott 1l rolin.n!n/kvem kurvans lutney

r Cper radian AA) Tryckuppsdtning pd lovartsidan
A 2o3 unser-frgclc pq‘ﬂé\'.siclan ger
- 16 20 P et s+abiliserande tolimoment
—ao 1 1 — pge yitre last under vingen
3/evart y e
-002 - I @ ~
-/  *O-
- 0.04 - ::D 5 lokolo snedanblasningen skar
) B ndr vingens anfalisvinkel dlror
Fg. 105. Effect on the roll resistance of an external load, suspended below

the wings.
Key: 1. Contribution to the gradient (per radian B) of the graph
illustrating the coefficient of the rolling moment.

2. Pressure increase on the windward side and a low pressure
on the leeward side result in a stabilizing rolling
moment due to external load below the wing.

3. Local oblique air flow increases with increasing angle
of attack.

In the case of a single missile or other external load, mounted asymme-—

trically, a roll-stabilizing effect results, corresponding to about 0.6 -

0.7

times the effect of two missiles or some similar load, when mounted

askew on the fuselage. In respect to a load, suspended below the wing, the
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contribution toward the roll resistance is halved if only one girder is
loaded. The difference depends on the mutual interference between the
amB.

An external load, asymmetrically mounted, especially if suspended below
the wing, will also produce a zero contribution to the rolling moment which
is independent of 8 but linearily dependent on the angle of attack. This
contribution is especially noticeable in the case of a load suspended below
the wing and it interacts with the gravity-induced rolling moment of the
arms. At high speed the contribution of the aerodynamic zero-rolling-
moment dominates. This effect is typical of all delta-winged alrerafts.

A’

Cl ((5=0)

(e O—

2 Verkan: a) Sidsvepning utdt p& vingens undersida

vid anfalisvinkel ger #ndrade tryck
L Antaits- ! _néra bevapningen
O = T 2?’ vinkel b) Vingens stromning stors av lasten

() o (o4 under vingen (lyftkraften lagre
« pd lastad vinge) .

Fig. 106. Aerodynamic rolling moment due to an asymmetrically sus-—
pended external load below the wing.

1. Angle of attack.

2. Effect: A side-sweep outward across the lower surface
of the wing at an angle of attach produces a change in
pressure close tc the armament.

b) The flow around the wing is disturbed by the load
below the wing (the 1ift of a loaded wing is lower).

5.11 Effect of the Ailerons

Usually the flaps of the trailing edges of the wing are used both as
atlerons and elevators in the case of airplains without a tail. In.practice
this is accomplished in respect to both FPL 37 and 35 so that the deflection
of the aileron is superimposed on that of the elevator and, thus, similar
surfaces for steering are used.

The allerons operate primarily so that a rolling moment 1s produced
which varies in proportion to the magnitude of the deflection. The efflclency
is usually expressed by the symbol 'Clsa’ which is a measure, describing the
variation of the rolling moment in relation to the deflection of the alleron.
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Fig. 107. Rolling moment due to deflection of the alleron.
Key: 1. Definition of a positive deflection of the alleron.
2. Gradient of the graph.
3. = angle of the aileron.

Just like the effect of the elevator the effect of the aileron , i1.e.,
ClBa’ varies only insignificantly in relation to the angle of attack. As far
as FPL 37 is concemed, it is satisfactory up to very wide angles of attack.
At a high value of elevator deflection, a reduced aileron effect can be

achieved already by nminor deflections of the latter whlle saturating the
effect of the stabllizer. This is, however, of 1little practical importance.
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Fig. 108. Key: see. p. 129.
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Key to Fig. 108:

1. a) Dependency of the rolling moment of FPL 37 on a combination of
oblique air flow and deflection of the ailleron.
2. o = 16°, trimmed alrcraft, landing conflguration.
3. angle of oblique air flow.
4. angle of aileron, &,.

5. b) Effect of elevator deflection and angle of attack on the
efficiency of the aileron of FPL 37.
6. Rolling moment due to aileron deflection, per radian, low speed.
7. Elevator at O°.
8. Maximm deflection downward of elevator (6e = + 20°).
9. Maximum deflection upward of elevator (6e = — 25°).
"10. Angle of attack.

The position of the tail fin on delta-winged alrcrafts like FPL 35 and 37
constitutes a camplication. In part, this results in a somewhat less satis-
factory Clé due to interference, in part in a considerable yawing moment.

a

The interference phenomenon is evident from Fig. 109.

1 Gnderracker o,
Undertrycket pd vingen till f6ljd av skevroderutst 88
}'\ sprids till kropp och fena och ger ett mot skevrodaeg- /

utslaget motriktat rolimoment samt ett girmoment

som tenderar att fora nosen &t det h&!l man sviinger
{in&t - nedt) nar fpl bérjar rolla {skevrodergas) e

s _
(e Tl

3

Y
4

- T 2 o
L + S Skevrodret utféllt
vinkein §
3 Motstandsskilinader p& vinge 8
med upp - resp nergdende ro-
- {} der ger ocksd ett girmoment

Fig. 109. Effects of interference during deflection of the aileron.

Key: 1. The low pressure above the wing due to deflection of the
aileron spreads out over the fuselage and the tail fin,
producing a rolling moment, directed opposite to that of
the alleron deflection, as well as a yawing moment, which
tends to push the bow into the direction banked (inward -
downward) when the alrcraft starts to roll ("aileron gas").

2. Alleron deflected at the angle &3.

3. The difference in drag on the wing in relation to a flap
deflected upward or downward will also produce a yawing
moment .
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The yawing moment developed attempts to direct the bow into the direction

banked ("aileron gas").

This is a tendency opposite to that of a conventional

aircraft with a large aspect ratio, where the contribution of the yawing
moment due to deflection of the ailleron 1s to a large extent produced by the
increase in the contribution from the drag when the alleron is lowered on

In the case of FPL 37, there 1s also

a less dominant contribution from the drag to the yawing moment, induced by
the ailercn. This explains the characteristics of the yawing moment of FPL 37

the lifting wing ("aileron brake").

during deflection of its aileron.
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Fig. 110. Key: 1.

a) Yawing moment due to deflectlon of the aileron, depending

an the angles of attack and elevator; (FPL 37).

"pileron gas".
"Afleron brake".

Ul =W
« o .

(per radian, low speed)

. b) Yawing moment due to deflection of the aileron in combi-
nation with an oblique alr flow.

The interference acting on the side of the fuselage and the tail fin as a
consequence of the deflection of the aileron creates a component force as well,
but this is in practise of minor inportance.

5.12 Dynamic Roll Resistance - Roll Damping

/89

When an alrcraft spins, a resistance to the rolling moment develops due to
the increasing angle of attack of the wing lowered and the decreasing angle of
attack of the wing raised. The difference in 1lift glves rise to a rolling moment
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which usually tends to counteract the roliling movement. As a measure of this
counteraction, the term roll damping or Cl is used, where p means the
angular speed of the rolling moment). p

The correlation between roll damping and aileron effect determines how
fast an alrplane can roll and this is important for judging the value of
the plane during combat.

When rolling, a yawing moment similar to that due to alleron deflection
develops. The wing directed downward will have an increased angle of attack
and the suction force on its topside will grow stronger. A corresponding
suction force can be felt on the tail fin and it counteracts almost completely
its own contribution. The gradient of the Cn(p) graph, written as Cnp , can
be used as a measure of the yawing moment due to banking.

Both Cq. and of FPL 37 are illustrated in Fig. 111.
1p
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- nng 4 ﬁ,bd av vy -

birjar spetsaviés ring

Fig. 111. Roll damping and yawing moment induced by banking of FPL 37 as a
consequence of the angle of attack.
Key: 1. Roll damping.
2. Not damped.
. Damped.
. Angle of attack,
. Vortex flow starting at the leading edge.
. Clp ir reduced ir relation to increasing angles of attack
as a consequence of separation at the wing tip.
. Yawing moment due to banking.
. p is non-dimensional through ,E(ac‘;..}al) - b | D

oo A\ =W
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When banking, the vortex system of the wing directed downward becomes
relatively stronger in relation to that of the canard. Thus, its effect,
forcing the vortices generated by the canard downward, is reinforced on
that side, while the opposite takes place on the wing, pointing upward.
Figure 112 illustrates how thls phenomenon affects the roll damping and
the yawing due to barking.

, AC
C ne
- +0) <
0 _ anfalls > 0 20 0 o
o) Q 20 40 .6 vin:zl ~ v A8 .6
> N2/
-OJ- —m- \\-’
~01 - -024 3
7 med notvinge
-03 4 nagving e 4 <034 2 med .
. nedatgdende m - han nc:vmge?)
b 4 vinghalva producerar A ~
C\ In g n starkare ‘virviar’ o . rn
T3 i ot i A
P roavin JFCb.V edrnry rel. g ﬁaSV‘h_chl.l‘V/O’ﬂG passersr
i 3% 5 a ohila hajd Sver fenain
6\";;_'/»1 f:anc; o 7::1. oreiartier vinge- venq
M nge - - -
:l"vt -vﬁo e et inberfercns efceten.

Fig. 112. Effect of the canard on the rolling and yawing moments
induced due to rolling.
Key: 1. Angle of attack.
. Canard present.
Canard not present.
The dowrmard-directed half of the wing produces
more powerful vortices.
Separation at the tip starts relatively soon.
. The vortex of the canard tends to "elevate"
the vortex of the wing.
. The vortices of the canard pass the tall fin at
various elevations and reinforce the effect of
the wing/tall fin interference.

-~ ol F—d UV I \V]

The detachment from the wing tip starts at a narrower angle of attack
on aircrafts with a canard since the vortex of the wing is similtaneously
elevated by that of the canard. At narrow angles of attack the contribu-
tion of the canard to the roll damping is increased because the canard pro-
duces an up-sweep acorss the outer portion of the wing.
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Fig. 113. Distribution of load when banking: effect of the canard.
Key: 1. Distribution of load at constant angle of attack.

2. Canard present (not present)

3. Wing half pointing upward.

y, v " " downward.

5. Distribution of the load at a local angle of attack

' increasing linearily toward the tip (a roll).

6. o Total distribution of load during a rolling maneuver=
the sum of the distribution of the load due to the
angle of attack + the rolling moment.

7. Vortex of the canard.

8. Up-sweep = Increased load.

9. Bown-sweep = decreased load.

10. When banking the effect of the up—sweep area dominates.

The reverse is vallid for the opposite (upward-pointing) half of the wing.
This phenomenon is responsible for the fact that the capacity for maneuvering
when rolling at large angles of attack, e.g., when landing, is considerably
improved in relation to an ordinary delta-winged aircraft. The dependency
of the Cnp on the angle of attack 1s great due to the fact that the vortices,
generated by the canard, are kept low just as 1s evident from Fig. 108.

Figure 114 illustrates the Clp and the Cnp of FPL 37 in camparison with
those of some other aircrafts.

According to the data available, the roll damping and the Cnp of a con~
ventional swept-back alrcraft varies in general less in relation to the
angle of attack than they do in the case of a delta-winged aircraft. It is
evident from Fig. 114 that FPL 37 behaves largely llke an aircraft with a
60° delta wing.
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Fig. 114. Rolling and yawing moments induced by rolling; camparison with
other alrcrafts.
Key: 1. Angle of attack, a.

The Cnp of most aircrafts is small. FPL 37 holds a speclal position
because of 1ts large Cnp at wide angles of attack.

During a yawing moment and additional type of contribution to the rolling
moment develops, because the wing meets with a curving field of alr flow; cf.
Fig. 115.
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Fg. 115. Rblling moment due to yawing moment; FPL 37.
Key: 1. a) Comparison with other aircrafts. 2) Partlal contributions.
3. FPL 37, low speed. 4. Contribution to Cp, of the canard. 5.

Contribution to the Cy, of the tail fin.
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In the case of FPL 37 the rolling moment due to yawing (Cy,, - Cy3) is
small at narrow angles of attack but grows quickly larger at increasing
angles of attack. The main contribution to Clr cores from the wing. The
characteristics in relation to varying angles of attack can take different
form in respect to different aircrafts and depends on the difference between
the characteristics of the normal force of the alrcraft (CN(a)) and that of
the angle of attack in relation to the gradient of the graph illustrating
the normal force, CNa' This can lead to that Clr at wide angles of attack
can vary within wide limits from being negative like in the case of FPL
35 or the F 8 or being strongly positive like in the case of the Mirage III.
Other contributions to Clr (thet of the tail fin itself and those of the
interferences between the wing and the tall fin, the tail fin and the wing
as well as the canard and the tall fin) cannot be ignored at narrow angles
of attack. It results also in great differences between the various kinds
of ailrcrafts. Just like in respect to Cl‘B factors such as the vertical
position of the wings and their sweep~back angle are effective.

The other contribution (i.e., the time lag contribution)= le-3 can be
ignored in respect to FPL 37 at narrow angles of attack. It tends to inter—
act with Clr at wide angles of attack. Figure 115 illustrates both what
Clr and le5 appear like at various angles of attack in respect to FPL 37
as well as a comparison between Cj , of FPL 37 and that of other current
aircrafts.

In general it is valid for the derivatives of the yawing/rolling
moments and other so-called "cross-over derivatlves" that they are difficult
to determine directly by testing or calculating and, thus, they are compara-
tively unreliable.
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11.
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